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USE AND MACRO-MOLECULAR STRUCTURE OF SILICA POLYAMINE 
COMPOSITES 
 
Dr. Edward Rosenberg, Chemistry Department 
 
  The use and macro-molecular structure of silica polyamine composites was examined 
through a series of experiments.  Precious metals were removed from both prepared and 
industrial solutions to gain familiarity with the composites and to develop separation 
procedures.  A number of methods were developed to utilize the properties of the silica 
polyamine composites in separating and recovering precious metals in a variety of 
circumstances.  Using a gold sulfate leachate developed at the Center for Advanced 
Mineral and Metallurgical Processing, gold was removed from solution and subsequently 
recovered from the composites using several methods, the most successful being a 
cyanide stripping regimen.  Platinum Group Metals were recovered from several 
industrial-based solutions, with the PGM metals rhodium, palladium and platinum, as 
well as the transition metals copper and nickel, selectively separated.  The most 
successful methods were those removing individual metals utilizing complimentary 
composites and solution pH changes. 
  Composites and glass slide analogues of the composites were examined using Fourier 
Transform Infrared Analysis.  The effects of water, alignment to the incident wave and 
varying silanization protocols were examined using the analogues.  Macro-molecular 
structure and symmetry of the slide analogues and composites were examined via 
coordination of two carbonyl compounds, Ru(TFA)3CO3  and Mo(CO)3(C2H5CN)3. 
  The project succeeded in its stated goals.  Separation protocols were developed for a 
number of solutions.  Structures of various carbonyl loaded composites were determined.   
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CHAPTER 1: INTRODUCTION 
1.1  Project History and Research Goals 
In the Fall of 2002, after many years of effort, the Metallurgical & Materials 
Engineering Department at Montana Tech of The University of Montana was given 
permission to participate in the Individual Interdisciplinary Program (IIP) at the 
University of Montana as a way of investigating the possibility of granting doctorates in 
the future.  Since I was teaching in Missoula and held a master’s degree from Montana 
Tech in Metallurgical Engineering, I was approached by the Department to see if I was 
interested in such a doctorate.   
The IIP represents a radical departure from the conventional doctorates the 
University has granted in the past.  It requires collaboration, distributes classes over two 
campuses and encourages community involvement.  Given the ever increasing 
complexity of research in today’s society, the need for programs which do not focus 
exclusively on one curriculum is increasing.  The university recognizes this and is taking 
steps to encourage this type of research, but it requires a radical paradigm shift for the 
students.  The classes being taken cannot represent a single department, the research must 
involve participation from a number of disciplines and the individual, school and 
community must share the benefits resulting from the program.  I am the first student in 
this program to pursue such a doctorate where the collaborating departments are not only 
technical, research departments but are also located in different cities.   
Professor Edward Rosenberg of the Chemistry Department at the University of 
Montana has been collaborating with the faculty in the Metallurgical & Materials 
Engineering Department and agreed to participate in the Program as a Doctoral Advisor 
for the applicant.  In conjunction with Purity Systems Incorporated (PSI), Dr. Rosenberg 
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has developed and patented a unique method of bonding metal sequestering polymers 
onto a silanized silica backbone.  The potential uses for these composites range from 
industrial scale hydrometallurgical recovery of metals to environmental remediation.  In 
addition, the Center for Advanced Mineral and Metallurgical Processing (CAMP) at 
Montana Tech has developed a gold recovery process that does not require cyanide.  The 
silica polyamine composites were being considered for the final stages of this process, 
where the gold is removed from the resulting sulfide solution.8 
  After discussing the matter with the Chemistry Department, Metallurgical and 
Materials Engineering Department and the Department of Graduate Studies of both 
universities, I realized an opportunity was being offered to not only gain a doctorate but 
also to participate in a unique program.  The composite product represent a potentially 
revolutionary technology, and one I was not only very interested in researching but also 
proud to have been asked to participate in. 
There were three parts to the proposed program.  A chemistry component 
consisted of coordination analysis of the silica polyamine composites.   An engineering 
component consisted of process and economic analyses of precious metal recovery using 
the composites.  A collaborative component consisting of work with chief chemist 
Carolyn Hart to introduce engineering processes into the commercialization work being 
done by PSI. 
Silica gel-polyamine composites are a significant technological advance in 
dealing with metals laden solutions.  This is true for both industrial and environmental 
applications.  The stability of the silica base, the ease of composite production and the 
versatility of the silica-polyamine platform make the technology one of substantial 
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importance to the field.  A substantial amount of work has been done to date on the 
composites as well.8,19-21,58,74,75,132,156-162   However, the great bulk of the work performed by 
the Rosenberg group has been in exploring the production of possible ligand 
combinations and in evaluating the effectiveness of these combinations for selective 
metals recovery.  The polymer composites have been shown to be a versatile, reasonably 
inexpensive and robust technology.  To move the composites out of the laboratory and 
into industry however, basic research into the nature of the composites is required.  This 
project would be one of two initial investigations into the physical characteristics of the 
composites, the other being computer modeling of the composites performed by Mark 
Hughes.  These investigations address fundamental questions regarding the structure and 
dynamics of the composite production and in-process behavior.   
This work comprises the chemistry portion of the project.  Having proven the 
composites are capable of removing metals from solution and are industrially useful as 
well as economically feasible, the research group needs to further develop an 
understanding of the fundamental science underlying the technology.  Destructive 
evaluation of the composites during the various stages of production and use can only 
provide a limited view of many of these fundamental properties.  To build a solid 
background, to improve and broaden the field of applications in which the composites 
can be utilized and to advance the science of polymer composites in general, non-
destructive evaluation is required while the composite is being produced and used. How 
metals coordinate to the composites, the difference between the linear and non-linear 
polymers used and the whether the simpler, base composites behave differently than the 
more complex, ligand modified composites are all issues that must be examined.   
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Non-destructive evaluation has many and varied uses, including the relatively 
common technologies of ultrasound and radiography as well as other tests routinely used 
in quality control laboratories and plant floors, such as hardness testing, atomic 
absorption analysis or spark testing.  The project used Fourier Transform Infrared (FTIR) 
Analysis to evaluate the silica based polyamine composite ion exchange and chelating ion 
exchange resins. 
Infrared spectroscopy is based on the interaction between the vibrational modes of 
molecules and incident radiation in the range of 300-4000 cm-1.  In this interaction, the 
discreet quanta of energy available from the incident radiation wave must be the same as 
the vibrational energy state difference in the molecule.  The atoms making up the 
molecules then experience increased vibrational motion in relation to one another.  This 
movement is generally in one of two forms, either through a change in bond length, 
usually in one dimension known as stretching, or a change in bond angle known as 
bending, which can be in one or more dimensions.  The movements can be symmetrical 
or asymmetrical, depending on the relative movement of the atoms from a central point 
or atom.  Symmetrical stretching requires not only consistent movement, but also that the 
atoms moving be the same, since different mass and bonding characteristics for different 
atoms will preclude equal movements.  Since a great many of these absorbance 
characteristics are unique, by comparing the absorbances seen during FTIR analysis in a 
methodical manner, many features of the molecule can be determined. 
 The methods proposed for the coordination analysis phase of the project consisted 
of developing and optimizing FTIR methods for the analysis, FTIR analysis of the 
production sequences using both the composite gels and silica slide analogues of the gels 
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and finally analysis of the coordination mode of metal carbonyl complexes resulting 
when specific metal carbonyl complexes of known structure are bound to the composites 
and slide analogues.  Metal carbonyl complexes produce very strong infrared spectra 
stretching modes in a region (2200-1800 cm-1) not occupied by other functional group 
frequencies.14, 23, 43, 61, 79, 185, 202  Spectra analysis in this region of the number of γ-CO 
stretches can be related to the number of carbonyls present and often to the overall 
geometry of the metal center.9, 25, 42, 80,143  By monitoring the infrared stretching 
frequencies after the carbonyl complexes attach to the composites, considerable 
information about the resultant complex can be gained.  The difference between the 
complex three-dimensional structure of the composites and the much less complex two-
dimensional structure of the slides was expected to offer further insight into the 
differences in these structures once metal complexes are coordinated.   
Work performed by Dr. Corby Anderson at CAMP has resulted in a process to 
remove gold from ore using an alkaline (pH~11) sulfide solution instead of a cyanide 
solution.  One phase of the engineering portion of the project is to develop recovery 
methods for this solution using the silica polyamine composites.  Additional precious 
metals recovery protocols will also be developed as PSI commercialization plans 
progress, in particular those containing platinum, palladium and rhodium.  Transition 
metals have been successfully studied over the last several years, but to prove the 
technology on a wider scale, precious metals must be investigated.  This work was also 
expected to benefit Montana, given the states natural resources industry.   
A companion phase to the engineering work would be to work with PSI in their 
commercialization efforts.  While not expected to result in thesis material, this phase was 
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considered an integral part of the collaborative nature of the degree.  This work consisted 
primarily of working with PSI’s chief chemist Carolyn Hart in engineering analysis of 
their metals separation protocols as well as assisting her as she worked with the 
contractors producing commercial amounts of the silica polyamine composites.    
The major components of this doctoral project thus are: 
• Advance the science of polymer composites in general through non-destructive 
evaluation.  
• Increase the knowledge base for the composites, in both their structure and their 
industrial use. 
• Analyze and improve the process control requirements for production and use of 
the composites. 
• Discuss engineering methods with the research group and assist with integrating 
such methods as they are appropriate. 
• Arrange scale testing for composites designed to recover precious metals.  
• Broaden the field of applications in which the composites can be utilized. 
 
1.2  Silica Polyamine Composite Background 
1.2.1  General Description 
 The composites studied in this project consist of purchased silica particles, a 
silane anchor and various attached polymers acting as functionalized units.  The silica is 
chosen based on size, pore area, density and cost.  Balancing these characteristics in a 
cost effective manner has been one of the major efforts of the research group over the last 
several years.  Daniel Nielson’s work131 in particular has shown that the particle diameter 
impacts composite performance, with larger particles having deeper pores which limit 
solution access.  However, while smaller particles with larger pore opening but shallower 
depths have better kinetics and performance, these smaller particles increase column 
backpressure and thus restrict flow through the particles.  “Optimal silica gel would be 
spherical in shape, 150 – 250 µm particle diameter, exhibit pore diameters of 200 – 300 
Å, with 400 – 500 m2/g surface area, supplied for around $5.00/kg. These silica gel 
characteristics would provide for maximum kinetic performance and metal capacity with 
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an allowable column backpressure.” 131  Chinese suppliers Qing Dao have been successful 
in providing the required silica.   
The silane or silane mix used as an anchor has also been optimized, balancing 
several factors, including surface coverage, coordinated versus free amine concentrations 
and the polymer to be attached to the anchor.  Recent tests have shown mixed non-
functionalized and functionalized silanes such as MeSiCl2 and CL(CH2)SiCl3 provide 
increased silane coverage as well as more free amines available for polymer 
modification, but only for selected high molecular weight polymers.75  The polymers and 
associated functionalized units are chosen for their ease of modification, their reactivity 
with the silane tether and for their ability to directly bind metals based on their structure.  
The composites can then be used individually or in tandem sequences to remove metals 
from solution.  The general schematic structures of the base composites158 are shown in 
Figure 1, along with some of the available polymer molecular weights. 
 
 
Figure 1: The basic composite polyamine family.158 
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1.2.2  Composite Synthesis 
 There is a general protocol for preparing the silica to accept the various polymers.  
The silica gels are acid washed and dried to produce a maximized surface hydroxyl layer. 
This surface is humidified to form a monolayer of water and the silane tethers are then 
attached, with the silanes polymerizing laterally to form a linked surface layer.  
Following this, one of the polyamines is attached to the silane layer, with the results 
shown in Figure 1.   
The foundation composites can be used as products themselves, such as the PEI 
composite being used to separate precious metals from divalent base metals.  The 
foundations can also be further modified depending on the target metals and properties 
required of the composites.  In that case, various ligands are attached to the polymer by 
covalently binding to the amine groups of the polymer to produce the required 
functionalities.  These range from 2-picolyl chloride which is used to remove copper 
from low pH transition metal solutions to phosphonic acid which is used to remove 
lanthanide ions in the presence of divalent metals.  An idealized general production 
scheme for the composites is shown in Figure 2.158 
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Figure 2: Composite production scheme. 158 
 
 
1.2.3  Composite Properties 
 The composites are robust materials well suited to industrial applications.  
They range in form from a fine to a coarse powder, depending on the silica gel used 
initially.  As products, they are packed, shipped and loaded dry.   Their density depends 
on the starting silica gel and the polymer modifications done.  Adding the silane anchor 
and high molecular weight polymers alter the silica gel, as does any secondary addition to 
the three primary foundation composites currently used.  The silica gels are small 
particles (150 – 250 µm diameter preferred) with large surface areas (400 – 500 m2/g) but 
relatively accessible pore diameters (150 – 300 Å).  These features result in a product that 
can be substantially modified, since the silica gel consists primarily of pores and thus the 
surface area is both accessible and fully capable of reacting.  The versatility of the 
composites has already been shown.  The initial applications for the composites were for 
environmental remediation where copper, zinc and manganese were removed from acid 
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mine drainage.74  Success in that endeavor resulted in cadmium, lead and mercury 
removal to below Environmental Protection Agency (EPA) release levels from the 
National Sanitary Foundation’s recommended challenge levels.158  Success at 
remediation work lead to industrial applications, so that the primary foundation 
composite WP-1 (the branched PEI polymer attached as shown in Figure 1, top 
composite) can separate palladium from transition metals below pH 1.8  Success with the  
primary foundation composites lead to their modifications.  Reacting 2-picolyl chloride 
with BP-1 (the linear PAA polymer attached as shown in Figure 1, bottom composite) 
resulted in a material capable of recovering copper from transition metals at pH 0.5-
1.5.161  Modifying BP-1 with phosphorous acid or 8-hydroxy quinoline (oxine) via the 
Mannich reaction74 resulted in composites selective for lanthanide ions in the presence of 
any divalent metal ions at pH=1-2 (phosphorous acid) or selective for gallium in the 
presence of aluminum, ferrous and zinc at pH =1.5-3 (oxine).158   
In use, the composites retain many of their properties, being porous, easily 
packed, and being somewhat resistant to base at pH up to 12.  They do not degrade over 
thousands of cycles in acidic pH ranges (0-6).  Three thousand copper loading and 
stripping cycles and seven thousand nickel loading and stripping cycles have been tested, 
there being a corresponding capacity loss of less than 10% and no loss in bed volume.20   
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CHAPTER 2: PRECIOUS METALS SEPARATION USING COMPOSITES 
2.1  Introduction 
 The primary goal of this work was to develop separations protocols for precious 
metals.  Any characterization of a product must begin with knowledge of the product 
itself.  This includes raw materials, the basic production schemes, routine difficulties 
encountered and behavior displayed in production and use. One of the major components 
of this doctoral project was to analyze the composite production methods, discuss 
engineering methods with the research group, lend assistance in producing and testing the 
composites and finally arrange full scale testing of production capabilities for composites 
designed to recover precious metals.  Interest in the composites had been shown by 
producers of gold, platinum, palladium and rhodium, and process development requested.  
This differed from the methods developed to date by the group, since they were geared 
toward developing new composites rather than maximizing the economic requirements of 
an industrial process.  A number of precious metals solutions were tested during the 
preliminary phase with processes developed for three primary metals solutions making up 
the final phase.   
2.2  Gold 
 The Center for Advanced Mineral and Metallurgical Processing (CAMP) based at 
Montana Tech’s Metallurgical and Materials Engineering Department has developed a 
non-cyanide recovery method for gold recovery, based on a nitrogen species catalyzed 
pressure leaching process using nitric acid and sulfuric acid followed by a sulfide leach.  
To minimize costs, the CAMP process utilizes a partial oxidation method followed by 
alkaline sulfide lixiviation, resulting in a distribution of AuS5¯ and AuS2O3¯ in solution.  
This process has numerous advantages over cyanide leaching, including lower operating 
temperatures and pressures, faster kinetics and minimized environmental impacts.  The 
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distinct advantages of this process made developing a means to recover the gold from this 
solution one of the research goals.  The composites were considered good candidates for 
recovering gold because they can be used at pH values the same as the sulfide lixiviant, 
have industrial lifespans of thousands of cycles and exhibit good release mechanisms.  As 
part of the engineering component of the doctoral project, existing composite products 
were tested rather than a new product developed, then a protocol developed for the most 
promising and most economical composite.  Initial testing was performed on several 
composites with more comprehensive testing performed on the composite which 
provided the most economical recovery process.   
2.2.1  Experimental Procedure 
A standardized procedure was used for all the testing, based on the research 
groups’ work.  Therefore, comparisons to the general ability of the composites to remove 
and then recover metals as well as the lifespan of the composite could be compared to 
previous data.  Two different types of tests are used, a batch test and a breakthrough flow 
test, with both being used for precious metals testing.  
In batch testing, 0.2 grams of the WP-1was set in a glass vial.  Twenty milliliters 
of the solution to be tested against, known as the challenge solution, was transferred into 
the vial.  The two were kept in motion and at room temperature for 24 hours.  The 
solutions were then decanted and tested for metals concentration.  The experimental 
procedure for the batch tests were as follows: 
o Calibrate the pH meter for solutions (between 1 and 3 for PGM testing). 
o Using drops of 18N H2SO4 adjust 100 milliliters of the challenge solution 
to the required pH (this varies depending on the test being done and may 
include a range) 
o Weigh four (4) 0.2 gram fractions of the composit and set each in a glass 
vial. 
o Transfer 20 milliliters of the Challenge Solution into each vial. 
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o Cap tightly. 
o Shake vigorously and keep mixed. 
o Let stand at room temperature 
o Decant the solutions into separate vials after 24 hours. 
 
In Flow Testing, a 5 cc syringe was used as a filter bed.  A polystyrene frit was 
placed in the bottom of the syringe and then a known volume of composite is loaded, 
usually between 2 and 3 grams depending on the composite.  The composite was packed 
and another frit was placed in the top of the syringe.  The frits are used to keep the 
composites from moving out of the syringe as the solutions flow through it.  The syringe 
was mounted on a pump and the challenge solution passed through the composite at a 
steady state flow.   Fractions of the known column volume of 5 cc’s were used for flow 
rates (one-half the column volume per minute for all rates in the case of the precious 
metals tests).  The resulting flow-through was collected in sample vials, then elemental 
analysis done.   
The following is a list of items required for breakthrough flow testing: 
o 25 milliliter graduated cylinders 
o 300 milliliter Erlenmeyer flask 
o 1000 milliliter container 
o various lengths of tubing 
o FMI QG50 pump 
o 20 milliliter sample vials 
 
The experimental procedures for the breakthrough flow tests were as follows. 
1. Clean the composite filter bed  
o Set the 5 cc filter bed onto the pumping apparatus. 
o Pump 20 milliliters (4 column volumes) of de-ionized water through the 
bed. 
o Pump 20 milliliters (4 volumes) of 8N H2SO4 through the bed. 
o Rinse with 100 (20 volumes) milliliters of de-ionized water. 
o Pump 5 milliliters (1 volume) of 4 Normal NH4OH through the bed. 
o Pump 5 milliliters (1 volume) of 4N H2SO4 through the bed. 
o Rinse with 100 (20 column volumes) milliliters of de-ionized water. 
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2. Filter the challenge solution through the composite for the precious metal being 
tested. 
o Set the pump using de-ionized water until the correct flow rate (2.5 cc’s 
per minute) is obtained. 
o Set the input tube of the pump into the challenge solution. 
o Discard the first 5 milliliters of the discharge, since that is the approximate 
amount of liquid in the system that must be displaced before the challenge 
solution has completely filled the apparatus. 
o Pump the required amount (see note 1) of challenge solution through the 
filter bed, taking care to collect it accordingly (see note 2). 
 
Note 1: In general, various amounts of the solution were run through the 
filter beds until the composite has been fully loaded with the metal being 
removed.  The amount was dependent on the concentration of the 
challenge solution, the composite used, the metals being tested and the pH 
of the solution. Typically, at least 100 milliliters (20 column volumes) of a 
50 mM solution are required to properly load the filter bed.   
Note 2: In general, 4-milliliter fractions are set into cuvettes until the 
column has been fully loaded and the challenge solution is no longer being 
filtered, then 20 milliliter fractions are collected.   
 
3. Wash the Filtering Media. 
o Remove the input line from the challenge solution and transfer it to de-
ionized water. 
o Run 25 milliliters (5 bed volumes) of the de-ionized water through the 
composite filter, keeping in mind that the first 5 milliliters would be 
treated challenge solution remaining in the pumping system. 
o Collect the washing in a 25 milliliter graduated cylinder and store in 20 
milliliter glass vials. 
  
4. Strip the Filtering Media (see note 3) 
o Reverse the column in the pump. 
o Set the pump for a 1 milliliter per minute flow rate. 
o Strip the metal from the composite.   
 
Note 3: In transition metals recovery testing, 5 milliliters (1 volume) of 4 
Normal H2SO4 is generally used for stripping.  In precious metals testing, 
this was found to be unacceptable, and a number of different protocols 
were tested until suitable methods were developed.  It was also found that 
the stripping was more effective if it was done the reverse of normal, 
going from top down instead of from the bottom up, as in the normal 
procedure, to prevent the precious metals from possibly encountering non-
loaded polymer material if the columns were not fully loaded. 
 
 15  
In the case of gold, a SOLAAR S series Atomic Absorption unit was used for 
solution analysis.  Figure 3 shows a partially loaded WP-1 (top composite in Figure 1) 
column after it has been loaded and rinsed, with the gold-loaded composite visible in the 
top third.  All loaded columns exhibit this form, with the color of the composite 
dependant on the metal being loaded.   The unloaded composite was clear, as seen in the 
bottom of the column. 
 
 
Figure 3: 5 cc WP-1 column, partially loaded with gold 
 
2.2.2  Gold Results 
Gold loaded on every composite tested, with 100% removal from solution.  
Unfortunately, none of the conventional stripping (metal removal from the composite) 
methods recovered gold from the columns.  In these methods, acid was run through the 
column; the metal was displaced via ion exchange from the composite and returned to 
solution.  To give an idea of the type of stripping methods and media involved, the 
following stripping solutions were unsuccessfully attempted to remove gold from WP-1:  
• 6M HCl  
• 6M HCl +1% NH4Cl  
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• 12M HCl  
• 10M HCl +1% NH4Cl  
• Concentrated (~14.8M) NH4OH +5% NH4Cl  
• Boiling (12M) HCl +1% NH4Cl 
 
 While all the composites effectively loaded gold, only the WP-2 composite 
stripped, just not as expected.  DI water, 10% KCl (but not saturated KCl) and the pH 
10.5 solution of NH4OH and DI water did strip the gold from the composite column, 
while the normal stripping protocols failed completely to strip WP-2, just as they had 
failed to strip the other composites.   
The results of the successful WP-2 testing are shown in Table 1. 
 Column (#R3) Column (#R4) 
 first run second run 
Au in Solution (mg) 4.3 4.3 
Au on Column (mg) 4.1 4.1 
% Recovery onto Column 95.8% 96.3% 
%Au Recovered from Column in Rinse (DI or 
NH4OH and DI solution) 38.7% 65.4% 
Combined %Au Recovered from Column in 
Strips 1.7% 0.0% 
Total Au Recovered from Solution (rinse + strip) 38.6% 62.9% 
Table 1: Gold recovery using WP-2 (+/- 2.5%) 
  
Because all the composites loaded gold so well, further testing was done to 
develop a successful stripping technique.  In this case, WP-1 was used, since it is the 
cheapest composite and thus the most economical.  A literature search made it clear that 
oxidation of the gold must occur prior to the stripping cycle.  To that end, several 
methods were investigated.   
 The first stripping protocol used was a modification of a common procedure for 
treating small gold scraps, where chlorine gas is bubbled through hydrochloric acid.  In 
place of the chlorine gas, chlorine bleach was used in this method.  In the first test, an 8M 
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hydrochloric acid with a chlorine addition of 0.6% was used.  Less than two percent gold 
was released from the composite using this procedure.   
 The next protocol was a thiosulfate leach, with the column pH maintained at the 
original gold solution level.  The column loaded all the gold but stripping was ineffective.  
Unlike the previous tests though, some gold was recovered with the final de-ionized 
water rinse at the very end of the cycle, as shown in Table 2. 




 1M Thio  0 
DI#2 0 
25% H2SO4 0 
DI#3 0 
Base  0 
 DI last 36.2 
Table 2: Initial test results using conventional composite protocols (+/- 2.5%). 
 
 The next test examined the effect of time on the composite.  Previously, we had 
recovered gold from all the composites simply by letting them sit for weeks or even 
months and then using conventional stripping protocols.  In this combined testing 
protocol, the column was conditioned conventionally (see experimental section above) 
loaded and then allowed to sit overnight.  In the first strip, a 1M thiosulfate step was 
inserted into the conventional stripping protocol, then the column sat overnight again and 
a straight thiosulfate stripping protocol was used.  In this combined version, gold came 
off the column in every step, as shown in Table 3.  
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1M Thio 4.3 
DI #2 0.4 
25% H2SO4 4.4 
DI #3 5.8 
Base 23.9 
  
2nd thio strip 39.6 
Table 3: WP-1 stripped after column allowed to rest (+/- 2.5%). 
  
 To determine if time-based oxidation was responsible for the stripping, the 
time/thiosulfate test was repeated but without the time delay.  No gold was stripped using 
this method.  To determine if simple contact with air was responsible instead of a 
combination of access to oxygen and time, compressed air was run through the column 
for half an hour.  Again, only a small amount of gold was stripped, and that at the very 
end of the cycle. 
 A different oxidation method (30% hydrogen peroxide) was then investigated, 
combined with a straight thiosulfate strip and then a thiosulfate/ammonia combination 
strip.  This did strip gold, although less than 30% of what had been loaded on the column, 
as shown in Table 4. 





1M Thiosulfate 1.8 
Thiosulfate/Ammonia 30.3 
DI#2 3.3 
25% H2SO4 0 
DI#3 0 
Base 0 
Table 4: WP-1 stripped after oxidation with hydrogen peroxide (+/- 2.5%). 
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 A copper catalyst was then introduced in two tests.  One of the alternative 
technologies to cyanide leaching is via the nontoxic thiosulfate ion (S2O32-).  This 
leaching technique uses an ammoniacal solution containing copper(II) as the catalyst with 
the proposed leaching reactions being: 134 
  Anodic reaction:  
   Au+ 2S2O32- → Au(S2O32-)23- + e- 
  Cathodic reaction: 
   Cu(NH3)42+ + 3S2O32- + e- → Cu(S2O3)35- + 4NH3 
 
 Since there are similar species in the gold/composite system, the test was to 
determine if copper would behave as a catalyst.  Tests were performed with copper in 
solution and loaded on the column.  First, 7.5 mg/L of Cu (II) in the form of CuSO4 was 
added to the thiosulfate/ammonia stripping solution, with no column oxidation and 
thiosulfate stripping.  Metals will displace each other on the composites, so a column was 
loaded with copper to obtain the copper/ammonia couple and then gold used to displace 
the copper to see if the remaining non-displaced copper would act as a stripping catalyst.  
Minimal stripping occurred in both these tests.   
 Sodium thiocyanate was then investigated.  Table 5 shows the thiocyanate 
stripping results without an oxidation step and with an oxidation step.  As can be seen in 
the Pass 1 and Pass 1 results, the gold was removed from solution.  The deionized water 
rinse and Hydrogen Peroxide (if used) oxidation steps recovered small amounts of gold, 
probably as a result of the gold leach solution remaining in the column.  As with the other 
methods, an oxidation step was required for the gold to be recovered from the composite. 
In this case, without the oxidation step, a limited amount was recovered, but with the 
oxidation step, significant gold was recovered. 
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 Sample ID 
Gold (mg/L) 





Challenge 125.9 125.9 2.5 
Pass1 5.1 6.0 .12 
Pass2 7.5 8.3 .16 
DI 1.6 1.8 .04 
HyPer NA 2.0 .04 
DI NA 0.6 .01 
O.1 M NaSCN 3.3 26.0 .78 
DI 1.1 18.8 .38 
25% H2SO4 0.3 4.5 .05 
DI 0.5 30.7 .31 
Base 0.2 NA NA 
Table 5: WP-1 stripped using sodium thiocyanate (+/- 2.5%). 
 
 Sodium Cyanide was then investigated.  Table 6 shows these stripping results 
without an oxidation step.  In this test, since the loading capabilities of the WP-1 were 
already known, the composite was completely loaded with approximately 1 milligram of 
gold loaded on the column.   That is reflected in the Pass concentration of Table 6, 
indicating complete loading occurred.   
 Sample ID Concentration (mg/L) Gold (mg) 
Challenge 83.8  
Pass 59.2  
DI 4.1 0.16 
0.5 M NaCN 15.9 0.64 
DI 2.9 0.17 
Table 6: WP-1 stripped using sodium cyanide without oxidation (+/- 2.5%). 
  
 
2.2.3  Discussion of Results 
These initial results on gold recovery were promising, in that the gold was 
removed from solution with great success, and recovery was possible provided oxidation 
first occurred except when cyanide was used as the stripping agent (here O2  provides the 
oxidizing equivalents).  Based on the fact that oxidation is required for gold recovery we 
propose that the capture of gold from the alkaline leach results from a surface catalyzed 
 21  
reduction of gold by either OH- or SH-.  The oxidation potential for these two species at 
high pH are -0.4 and -0.6 V respectively.  Given that the reduction potential of Au+ is 
+1.7 V the overall cell potential for this process is in the range of +1.1 to 1.3 V.  At pH 
11 the major base in solution is SH- and so this is probably the actual reductant. The 
resulting gold metal clusters or nanoparticles probably adhere to the polyamine (see 
equations below.76  
Three of the four composites bind gold so well that it is very difficult to remove, a 
situation seen with palladium, rhodium and mercury as well.58  Even though the other 
precious metals required extraordinary stripping protocols as well, only gold needed the 
oxidation step, leading one to believe that the binding mechanism is different.  
Nonetheless, the concept was proven, in that gold could be removed from the CAMP 
solution and subsequently recovered from the composite column. 
 The tests did result in valuable insights.  The pH of both the solution and the 
initial column conditioning play a critical role in gold removal and recovery.  Very poor 
metal loading occurred if the column was not pre-conditioned to match the pH of the gold 
solution.  This effect is believed to be both mechanical and chemical.  The difference 
between the leach solution pH and the beginning column pH when the leach solution 
contacts it causes both gas evolution and precipitate formation within the column.  Both 
of these adversely affect the contact between composite and the challenge solution.  In 
addition, because silanization and subsequent polymer grafting does not protect the 
underlying silica from degradation at higher pH, failure to precondition the column 
resulted in substantially worse composite degradation.  This was probably a result of the 
very large pH swing occurring around the composite at the start of the column.  This 
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composite would then degrade, ruining the packing in the column.  This caused 
mechanical battering inside the column and affected subsequent pH profiles within the 
column. 
 Two stripping protocols showed good results.  The combination of an oxidizing 
step and a sodium thiocyanate strip showed 56% of gold loaded on the composite was 
recovered in the stripping sequence, with follow-up steps recovering an additional 16%.  
Follow-up testing of this protocol using multiple oxidation steps (hydrogen peroxide 
inserted after the strip and initial DI wash) instead of a single oxidation step increased the 
total recovery to 66% and 18%.  The proposed reactions134 are as follows:  
4OH- + 4AuS- + 8RNH2  → 4{(RNH2)2Au} + 4S2- + O2 + 2H2O (extraction) Eo= 1.3 V 
or 
2AuS-  + 4RNH2  → 2{(RNH2)2Au} + S + S2-(extraction) Eo = 1.1 V 
 
 
2H2O + O2 + 4(RNH2)2Au + 8CN- → 8RNH2  + 4Au(CN)2- + 4OH- (Strip) 
or 
(RNH2)2Au + 2NaSCN + 2H2O2 → 2RNH2  + Au(CN)2- +2Na+ 2O2  + 2H2S (Strip) 
 
   
 Sodium Cyanide stripping resulted in 97% gold recovery, with the proposed 
stripping reaction as shown above.197 
 These numbers represent an initial attempt using a general composite and should 
be viewed as a minimum recovery.  Process optimization would of course increase the 
percentages but would have to be done on a process leach solution from a specific ore 
body. 
 
2.3  Platinum Group Metals 
 Gold was not the only precious metal tested.  There is a great deal of interest in 
platinum group metals (PGM) as well, especially since Montana has the only operating 
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platinum/palladium mine in North America.  Two types of separation protocols were 
investigated: one a conventional process where metals were recovered one at a time into 
separate solutions, and the other where only precious metals were recovered, leaving 
transition metals in the original solution.  Both of these protocols were developed based 
on requests from industry with the solutions reflecting the processes used in the particular 
plants.  For that reason, the companies are not identified, since information on process 
solutions are considered proprietary.   
2.3.1  PGM Experimental Procedure 
Building on work done in the summer of 2002 by Lisa Ratz and Yuchen Cao in 
removing palladium, platinum and rhodium from prepared solutions, precious metals 
separation protocols were developed.  In the initial tests, stripping Pd and Pt from the 
composite proved difficult due to the very high affinity the WP-1 composite showed for 
those metals.  This was considered an important feature of the composites, because most 
of the industrial solutions contain not only platinum group metals, but also transition 
metals, primarily nickel and copper.  The rationale for this proposed separation protocol 
was that at the inherent pH of the solution the composite would only remove palladium 
from solution.   
Once a column was fully loaded, the palladium could be stripped and recovered 
separately.  The pH of the flow-through solution would be adjusted so the transition 
metals and rhodium could be removed from solution together onto a second column. The 
transition elements would be stripped from the second column using a conventional 
stripping protocol, leaving the rhodium on the column.  The rhodium would be the last to 
be removed, using the more stringent stripping procedures required by palladium.  This 
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procedure included the protocols described in the gold section above, but differed once 
the stripping step is reached.  Following is a description of the protocol. 
1. Strip the filtering media of palladium (see note 1) 
o Reverse the column in the pump. 
o Set the pump for a I milliliter per minute flow rate. 
o Heat the filter bed to 72°C using either a hot pack or a heated water 
bath and maintain that temperature as well as possible throughout the 
test. 
o Transfer the input line to a container of hot (45° – 50°C) 10M HCl 
with 1% NH4Cl, and run this through the filter until such time as color 
changes indicate stripping is complete.. 
o Run a pre-strip to remove the solution left in the apparatus, judging 
when the stripped solution will reach the collection vial by the color in 
the clear tubing. 
o Run the strip, collecting 10 milliliter fractions until color change 
indicates the stripping is complete. 
 
Note 1: Typically, 5 milliliters (1 volume) of 4 Normal H2SO4 is used 
for stripping.  In the palladium testing, this was found to be 
unacceptable.  It was also found that the stripping was more effective 
if it was done the reverse of normal, going from top down instead of 
from the bottom up, as in the normal procedure, to prevent the 
platinum from possibly encountering non-loaded polymer material 
since the columns were never fully loaded. 
 
2. Adjust the challenge solution to a pH of 2. 
o Calibrate the pH meter for solutions between 1 and 3. 
o Using drops of NaOH, with the concentration to be determined at the 
time, adjust the flow-through challenge solution collected after the 
palladium filtering. 
 
3. Filter the challenge solution for rhodium and the transition metals. 
o Set the pump using de-ionized water until the correct flow rate (2.5 
cc’s per minute) is obtained. 
o Set the input tube of the pump into the challenge solution. 
o Discard the first 5 milliliters of the discharge, since that is the 
approximate amount of liquid in the system that must be displaced 
before the challenge solution has completely filled the apparatus. 
o Pump the challenge solution through the filter bed, taking care to 
collect it accordingly (see note 2). 
 
Note 2: In general, 4-milliliter fractions are set into cuvettes until the 
column has been fully loaded and the challenge solution is no longer 
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being filtered, then 20 milliliter fractions are collected.  In this case, 10 
milliliter fractions were collected due to analysis concerns. 
 
4. Strip the Filtering Media of the transition metals. 
o Transfer the input line to a container of 4 Normal H2SO4, and run 5 
milliliters (1 volume) through the filter. 
o Transfer the input line to a container of de-ionized water and run 15 
milliliters through the filter. 
o Collect both of these in a single 20 milliliter graduated cylinder. 
 
In the case of PGM, Inductively Coupled Plasma was used for solution analysis. 
Blanks, the challenge solution and standard solutions are tested against the resulting strip 
solutions as well using standard ICP or AAS Quality Assurance Protocols as required by 
the operating software.  These typically consisted of three standard solutions and a blank 
used to calibrate the equipment, with these re-tested at 10 sample intervals if more than 
10 samples were run, then re-tested again at the end of the analysis run no matter how 
many samples were tested. 
2.3.2  PGM Results 
The follow-up work to the Ratz/Cao experiments was based on solutions sent to 
the group from Stillwater Mining and did not result in useable data. There were several 
reasons for this, but two in particular stymied the investigation.  The initial work in 2002 
used RhCl3⋅H20 to prepare the solutions, and resulted in the following reaction:  
RhCl3 + 3RNH2 → RhCl3(Amine)3 + H+ 
This form of rhodium would not strip from the composites at all.  Literature 
shows this form adsorbs slowly, requiring long heating of sample solution with the 
sorbent.  It also desorbs slowly and incompletely, with stripping many times destroying 
the sorbent.94  The assumption that other forms of rhodium would behave in a similar 
manner was incorrect.   
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Secondly, and probably more importantly in the actual experiments performed, 
the supplied solution did not have sufficient rhodium to adequately load the composites.   
 The tests performed in 2002 were then repeated using Rh2(SO4)3⋅4H2O.  These 
tests showed rhodium loading and stripping in a manner much like the transition metals 
and not like palladium.  Graph 1 shows the mg of rhodium loaded per gram of composite 
in a flow test using a 5 cc column containing 2.3 grams of WP-1.   
The difference between the chloride and the sulfate forms is immediately obvious, 
with the second, optimized sulfate test loading well over twice the chloride form.    This 
is a strong indication that the chloride form and sulfate form a do not come out of 
solution and coordinate to the composite in the same manner.  As described above, the 













































Graph 1: Rhodium loading on WP-1  
 
 In both the sulfate breakthrough flow tests, results were excellent.  More than 
99% of the rhodium in solution loaded onto the composite in the #1 test, while 98% 
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loaded in the #2 test.  Stripping was less successful, but the normal H2SO4 strip recovered 
86% of the rhodium loaded on the first column and 30% from the second.  However, it 
should be noted that the same column was used in both tests.  That column sat for over 
six weeks between the tests so this may have adversely affected stripping capabilities.  In 
any case, both loading and stripping showed promising results. 
 The ability to both load and strip rhodium was good news, but unfortunately 
eliminated the separation protocol originally planned.  In that protocol, the rhodium was 
to load with transition metals and then remain on the composite when the transition 
metals were stripped using H2SO4.  Because rhodium stripped using that acid, the initial 
plan was unacceptable.  A full suite of batch tests at various pHs was then performed to 
better characterize rhodium loading.  Mock solutions at pH levels of 0.5, 1.0, 2.0, 
intrinsic (@2.78) and 4.0 were used at a solution concentration of 1360 mg/L Rh.   
Results of this batch testing for WP-1 are shown in Table 7.  In this case, the challenge 
solution contained 27.2 mg of rhodium (the table shows the mg/gram loaded onto 0.2 
grams of WP-1). 
 pH of batch test 
Time in solution (minutes) 0.5 1 2 2.78 4 
15 30.0 63.3 51.9 52.5 70.4 
30 57.2 63.5 68.5 54.8 79.8 
45 65.6 68.6 71.0 77.9 96.8 
60 74.6 69.7 74.7 86.9 99.6 
120 70.3 66.1 74.2 95.3 113.8 
1440 92.6 90.0 91.6 104.6 134.6 
Table 7: mg of rhodium loaded per gram composite (WP-1) at various  
solution pH (+/- 2.5%). 
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These tests clearly showed WP-1 capable of removing rhodium from solution at a 
variety of pH’s.  This versatility thus allows for rhodium loading to be done at whatever 
pH is best suited to the individual process under consideration. 
The batch tests show two distinct loading patterns, one below a pH of 2 and one 
above it.  At the higher pH’s, loading was better.  This probably had more to do with the 
WP-1 than the rhodium.  At the lower pH’s, loading was essentially identical, indicating 
that a simple loading progression is in place over a wide range of acidic solutions.  
In some of the flow testing, the results show the columns removing all, or even 
slightly more than all, of the rhodium in solution, with removal percentages between 
95%-100% and at a level over 300 mg captured per gram of composite used.  WP-1 is 
well suited for removing both rhodium and palladium, and particularly well suited for 
palladium/rhodium separation because rhodium strips easily and palladium does not.   
Given the cost of testing, no further work was performed until an industrial 
application arose in late 2003.  Further testing was requested to develop a method to 
separate a concentrated solution.  The concentrations specified (in grams per liter) were: 
• Copper (25-35) 
• Nickel (90-100) 
• Rhodium (15-30) 
• Palladium (1-3).     
 
 Follow-up testing for other composites was done.  Graph 2 shows a representative 
result from that testing, in this case WP-2.  Variable loading profiles at different pH’s 
were found for all the composites.   





















Graph 2: Fractional Loading of Au on WP-2 at Variable pH 
 
Given these results, WP-1 was chosen as the composite of use, based on its low 
cost.  A prepared solution of nickel and copper was first used to judge the composite’s 
ability to pass these two metals at various pH’s.  The results of these tests on WP-1 are 
shown in Table 8, with the numbers again in grams/liter. Some of the numbers are 
slightly off given the nature of the testing.  The very concentrated solutions used coupled 
with the dilution required to run the solutions on the ICP result in numbers with 
substantial potential error. 
 Challenge (g/L) Passed (g/L) 
Cu pH 1 38 38 
Cu pH 2 34 20 
Ni pH 1 101 94 
Ni pH 2 100 100 
Cu/Ni pH 0.5 31/106 21/103 
Cu/Ni pH 1 31/105 19/102 
Cu/Ni pH 1.5 34/108 23/109 
Cu/Ni pH 2 33/106 20/100 
Table 8: Cu and Ni passed by WP-1 at various pH (+/- 10%). 
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 Once it was clear that metals could be separated, solutions were prepared using all 
four metals.  Given the cost of the metals, only small amounts (20 mL) of the solution 
were prepared and run, with the pass-through then being added to and reused.   
Two methods were tested.  The first used only WP-1 where the solution pH was 
adjusted for each separation step.  The second used WP-1 in the first column and then 
WP-2, but the solution pH was not adjusted at any time during the test.  Graph 3 shows 
the results when WP-1 was used and the solution pH adjusted.  Notice that the palladium 
is completely removed from solution (loaded on the column) at all pH levels except the 
0.5 pH test shown in Graph 3.   This is as expected, and is attributed to two primary 
factors, competition with protons in the solutions at low pH and the effect of Ligand Field 
Stabilization Energy.  In Ligand Field theory, electrons are shared between the metal and 
ligand orbitals.  The difference between the two d-orbitals of the metal directed toward 
the ligands and the three orbitals directed at 45° from the ligands produces two different 
energy levels (two doubly degenerate and three triply degenerate).  The four metals in the 
separation protocol exhibit four different LFSE depending on their atomic number.  
Palladium and rhodium because of their extended 4d valence shells will have larger 
ligand filed splittings over the more compact 3d shells of Cu and Ni.  The splitting 
parameter also increases down a group, so Pd would have a higher splitting parameter 
than Ni, for instance.  The LFSE is a measure of the splitting parameter and the number 
of electrons in the higher and lower energy degenerate levels and represents the net 
energy of orbital occupation by electrons.  Pd would have the highest LFSE because it is 
a second row transition metal and because the LFSE for square planar d8 is about 1.3 
times greater than for d6, Rh, the next highest. Similarly, Cu2+ being square planar d9 has 
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a higher LFSE than Ni2+ d8 .76  That corresponds with the attraction shown between the 
metals and the composite ligands, with Pd removed first, followed by Rh.  It also 
corresponds to the spectrachemical series as determined by the LFSE, with Cu and Ni 



















Graph 3: Palladium separation using WP-1 
 Graph 4 shows the results when the solution was left at intrinsic pH’s, with WP-1 
being used to remove the palladium at low pH and then WP-2 being used to remove 
rhodium.  Because an acidic medium was required to prepare the multi-metal, 





















Graph  4: Palladium separation using WP-1 and WP-2 
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 Since the Cu, Ni and Rh in particular were showing similar loading 
characteristics, a composite specifically designed to selectively remove copper was  
inserted into the separation protocol.  CuWRAM has picolyl chloride attached to the base 
composite BP-1.  Table 9 shows the results when a Cu/Ni/Rh solution was first run 
through CuWRAM at intrinsic (1.75) pH to remove the copper, then run through WP-1 to 
remove the Rh.  The CuWRAM composite removed 55% of the Cu.  While this does not 
seem a remarkable number, keep in mind that at the concentrations seen in the Challenge 
solution, the 5 mL column used would have been fully loaded after 3 to 5 mL had passed 
through.  The second pass through WP-1 at a pH of just over 2 shows the co-loading of 
Cu and Rh, with most of the Ni passed.   
 
1st pass with Cu removed from solution 
using CuWram (Rh/Ni remain in solution) Metals 
 Cu Ni Rh 
Initial Challenge 30.9 98.8 11.51 
CuWRAM Pass 1 after 5mL 17.0 75.6 7.8 
CuWRAM DI Wash 6.1 18.4 3.3 
CuWRAM H2SO4 Strip 8.7 1.2 0.6 
CuWRAM DI Rinse 1.2 0.3 0.8 
    
2nd pass with Rh/Ni removed from 
solution using WP-1     
Rh/Ni Challenge after Cu removal 23 89.8 9.3 
Rh/Ni Pass 1 5.8 66.8 2.6 
Rh/Ni DI Wash 3.3 6.8 1.5 
Rh/Ni H2SO4 Strip 13.6 1.4 7.5 
Rh/Ni DI Rinse 0.3 0.2 0.8 
Table 9: Cu/Ni/Rh separation using two composites (g/L) 
 
 Two things need to be mentioned about this test.  First, none of the metals show 
excellent removal from solution, but this is due to the concentration of the solution and 
not the ability of the composite to capture the metals.  The concentrations were specified 
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by the companies interested in using the composites, reflecting their leach solutions, and 
so were required.  In addition, small amounts of solution had to be used given the cost of 
the Rh, Pd and Pt and the lack of funding.  Notice, for instance, the Cu removed in the 
first run with a 31 g/L start but 17 g/L in the first 5 mL passed through the column.  This 
represents a 22 mg per gram loading of Cu on CuWRAM, a number roughly equal to the 
30 mg/g considered appropriate for CuWRAM.  The full column loading is also seen in 
the difference between the pass-through percents seen in the first 5 mL run through 
CuWRAM (17 g/L) and the average of all 20 mL (23 g/L) passed through, the number 
seen as the Rh/Ni challenge after 20 mL numbers.  Second, the amount of co-loading is 
also important, but this is a difficult number to judge.  Looking at the pass-through 
numbers, it appears both Ni and Rh are co-loading to a large extent.  Notice however that 
the difference between the challenge and the pass-though is roughly equal to that seen in 
the first DI rinse.  It appears the metals are not co-loading so much as being entrained in 
the composite due to the very high concentrations and the difficulty in completely rinsing 
the columns.  This is a reasonable explanation, especially if you view the H2SO4 stripping 
numbers.  We know H2SO4 will strip both Ni and Rh, yet the strip returns show little of 
either compared to the Cu.  This is the best indication that only Cu is loading on the 
CuWRAM.  The same can be said of the second WP-1 run where Ni and Rh are 
separated.  Cu will definitely co-load with Rh.  However, the presence of Cu is strictly 
the result of there not being enough CuWRAM in the previous run to remove all the Cu 
in the solution.  Had we used enough CuWRAM to completely remove the Cu 
(approximately 1400 grams when we used only 5 grams), there would be no co-loading 
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of Cu.   Again, because very little Ni is seen in the strip, only the Rh should load on WP-
1 at this pH. 
 Looking at the results from a different perspective shows how the separation 
worked.  Palladium loads uniformly on WP-1 at low pH, passing the other metals.  
Taking the Rh and Ni from the passthrough and the initial rinse to account for entrained 
solution, we get the results seen in Graph 5.  If the palladium was removed first at low 
pH, then the CuWRAM was used to remove copper, rhodium can be removed at a higher 
pH using WP-1 again, leaving over 95% of the Ni in solution.  The 40% of Rh passing 























Graph 5: Ni/Rh remaining in solution using 2 composite separation 
 
 The final work in this protocol was done by Carolyn Hart and Yuchen Cao, in 
their investigation of platinum/palladium separations.  They used a 4M NH3/NH4 (pH 
9.7) solution to strip Pt(II) from WP-1, followed by hot 10M HCl + 1% NH4Cl  to 
remove Pd(II) from the same WP-1 column.  Graph 6 (taken from Yuchen’s final report 
on the process) shows the separation.   
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Graph 6: Pt/Pd separation on WP-1 
 
 As discussed previously, the strict separation of metals was not the only process 
investigated.  Two more general separation metals from solution were also done, at the 
request of Stillwater Mining, when several gallons of laboratory acid digests were sent 
PSI in order to test bulk separation methods.  One solution was a laboratory digest 
solution used in assaying the precious metals at various stages of the milling and smelting 
processes.   The second solution was to test the possibility of removed Cu and Ni from a 
chloride digest solution, a process not previously considered to be applicable to the 
composites.  In the first, PGM solution, the precious metals were merely to be recovered 
in bulk, since they represented considerable money.  In the second, transition metal 
solution, the metals were to be recovered from the chloride solution in order to eliminate 
the chlorides so the metals could then be fed back into the process and recovered, since 
the stainless steel process vessels would not tolerate the chlorides.    
 The testing protocols were the same as previous PGM testing done, as detailed 
above.  The Stillwater solution was tested on WP-1.  It had a pH of -0.63 and was used as 
provided with no adjustments made.  Table 10 shows the Inductively Coupled Plasma 
(ICP) analysis of the digest solution sent for testing.  The analysis variation is attributed 
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to difficulty in removing solution samples from the five gallon bucket in which the 
solution arrived. 
Sample Name Au Cu Ni Pd Pt Rh 
5 cc Column Challenge 
(mg/L) 13.3 50.7 53 564.9 232.7 33.7 
30 cc Column Challenge 
(mg/L) 11.5 45.2 46 503.6 202.8 41 
Table 10: ICP analysis of challenge PGM digest solution (+/-1%). 
 
 Table 11 shows the general results of the 5cc column tests, which proved the 
viability of the process.   
 Au Pd Pt Rh 
Total mg loaded on column 2.5 190.8 75.4 9.6 
Total mg in solution treated 4.5 192.1 79.1 11.5 
% of total metals loaded 55.0% 99.3% 95.3% 84.1% 
mg loaded/gram composite 0.8 61.8 24.4 3.1 
Table 11: ICP analysis of challenge PGM digest solution(+/-1%). 
 
 30 cc columns were then run to gain a better understanding of the amount of 
composite material that would be needed for a circuit.  Graph 7 shows the amount loaded 





















Graph 7: Precious metal recovery from laboratory digest solution using WP-1. 
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 The results show the effectiveness of the WP-1 composite in removing precious 
metals from solution.  They also show the behavior of the composites as metals compete, 
where the gold in particular, and to some extent the rhodium, first loads and then is 
replaced on the composite by the other metals.  This confirms previous results found in 
platinum and palladium testing.  In concentrated and highly competitive solutions such as 
this, complete removal could well be accomplished simply by using multiple columns. 
 Successful recovery of precious metals from digest solutions is a good example of 
the versatility of the silica polyamine composites.  It is also serves to illustrate how the 
product can be integrated into existing systems.  Assay digest solutions are common in 
the precious metals industry, generating substantial amounts of solution containing up to 
0.5 grams per liter.  Large laboratories can produce up to 100 liters of these solutions per 
week.  A digest solution such as that tested in this project contains precious metals worth 
approximately $1000, generated on a weekly basis.  While not a substantial amount in 
terms of gross mine productions, the solutions must be dealt with in any case, so methods 
allowing recovery would be advantageous as opposed to treating the solutions as waste or 
stockpiling them as in the case of the solutions treated in this project.   
Approximately 6 pounds of composite would be required to process the approximately 50 
liters of solution generated weekly, and would thus require a system capable of handling 
8 liters per day, or 1 liter per hour for a single shift recovery program.  Initial costs for 
setting up such a system would run approximately $5000 for the pump, stands, tubing, 
controller and containers, with 10 square feet of counter space, 110 volt power and open 
access needed.  This small footprint would result in minimal disruption to existing 
laboratory set-ups.   
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Inserting the system into existing laboratory space, duties and operations would, 
of course, depend on the laboratory in question.  In general, the system would have to be 
loaded with new composite and solution in the morning, monitored throughout the shift 
and then removed at shifts end.  Additional manpower requirements would again depend 
on the laboratory in question, but a semi-automated system utilizing a downflow system 
with a 30 cc capacity would handle a shift worth of solution.  A small-scale system such 
as this would require only loading, monitoring and unloading and so a full-time handler 
would not be needed.   
Once the composite was loaded with the precious metals, it would have to be 
treated.  In the particular case dealt with in this project, the composite would be recycled 
into an electric-arc furnace in the smelting complex of the mine. This would have no 
impact on furnace operations as such, since silica is used as a flux in the process.  
Minimal impact would occur with smelter recycling, since only shipping would be 
required for stand-along laboratories or materials handling from captive facilities at 
mineral processing plants.  Other options are available, such as hydrometallurgical 
treatment, but most of these would require additional capital outlay.   
Environmental impacts would be favorable, since site storage of digest solutions 
is problematical for operating permits, and including recovery into the operating permit 
would be politically advantageous.   
Economically, the recycle program would be a cost neutral proposition, perhaps 
even generating a small profit.  The metals recovered would be worth the approximate 
price of the composites used, and since no re-use of the composites would be done, the 
primary benefit would be in eliminating the digest solutions.  For laboratories not directly 
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associated with smelter complexes, the advantage would be in eliminating shipping 
hazardous solutions.  The loaded composites would not be in the same category as acid-
digest solutions and would then not require special and costly handling protocols.   
 The second  protocol investigated removal of Cu and Ni from a chloride digest 
solution, then recovery of the metals using a non-chloride stripping protocol.  The 
expressed reason for this was to eliminate chloride in the solution so it could be recycled 
into the Stillwater hydrometallurgical facility, something not possible with a chloride 
solution, given the stainless steel construction. 
 The test consisted of two elements, one to test the actual metal recovery and the 
second to see if chloride could be eliminated in the strip.  All details of the testing was as 
described above.  The solution was pH adjusted from approximately -0.6 to 2.2 and 200 
mL run through the 30 cc column (instead of the normal 5 cc column).  Graph 8 shows 



























Graph  8:Cu/Ni digest solution, % passing through WP-2 
 
This profile represents a loading capacity for the composite of 27 mg/gram for Cu 
and a co-loading capacity for Ni of 9 mg/gram.  This is in line with known capacities, 
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although a bit low and is to be expected on an initial run, as optimization adjustments 
would have to be done.  As the graph shows, copper loads preferentially at this pH, which 
is as expected.  In general, separating Cu and Ni is best done using different composites, 
one to load Cu and one to load Ni, rather than trying to adjust pH and use a single 
composite.  In this case, separation was not required only that chloride be removed from 
the final strip.  Table 12 shows the solution and strip assay. 
  
 Cu Ni Cl 
Digest Solution (mg/L) 3610 4015 35000 
Strip (mg/L) 4450 4386 11800 
Table 12: Cu/Ni digest solution assays 
 
While this process did not eliminate the chloride, it did reduce it by over two-
thirds.  The chloride seen in the strip is attributed to counter-ion loading.  Elimination of 
chloride would have required further testing, something not requested by Stillwater. 
2.3.3  Discussion of Results 
This phase resulted in several possible protocols that can be used to treat precious 
metal/transition metal solutions.  In some cases, separation is required such as in highly 
concentrated mining or industrial solutions.  In other cases, such as in laboratory 
solutions generated at mine sites or in analysis labs, separation is not as important as 
recovery. 
Where very concentrated solutions are treated, a multiple stage, multiple 
composite method such as the one shown below can be used to treat a 
rhodium/palladium/copper/nickel solution. 
• using WP-1 at a pH of 1.75, remove the palladium; 
• using CuWRAM at a pH of 1.75, remove the Cu; 
• using WP-1 at a pH of 2-2.5, remove the Rh; and, 
• treat the Ni bearing solution as appropriate. 
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 Treating less concentrated solutions such as those generated in laboratories when 
doing process analysis, umpiring work or secondary circuits is also possible.  In those 
treatments the goal is not usually to separate metals but rather to recover all the PGM 
species in a single pass without retaining the transition metals.  In cases such as that, 
treatment protocol can generally be simplified, using a single composite to treat one 
metal, or stacked columns of different composites to treat multiple metals. 
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CHAPTER 3: FOURIER TRANSFORM INFRARED (FTIR) ANALYSIS OF 
COMPOSITES 
3.1  Introduction 
 One of the unique problems when dealing with the silica polyamine composites is 
their complexity.  The silica gel base, the tether, attached polymers and functional units 
are not only extremely varied, but also comprise a dynamic system.  The configuration 
taken by the composites depends on a number of variables, among them temperature, pH, 
interference and percent loading.  As it is virtually impossible to directly examine the 
molecular behavior of the composites, secondary investigations that model the structures 
must be used.  FTIR analysis is one of the tools available that can provide valuable 
insight into the configuration and symmetry of the composites, in particular the 
differences that arise as the composites are produced and then certain molecules are 
attached.  This project uses FTIR analysis to examine the changes in the physical 
structure of the composites as the primary processing changes occur. 
3.1.1  Fourier Transform Infrared Analysis 
 While a detailed description of the FTIR process is not considered a necessary 
component of this dissertation, some discussion of the aspects which may impact the 
project is appropriate.  Several important issues arise:  
• The quality of the analytical instruments used. 
• Spectra manipulation based on available algorithms.  
• The difference between transmission and reflectance spectroscopy.  
• The type and amount of variation expected in spectra analysis.  
• General peak assignments of the components to be examined. 
• The differences between particles and linear surfaces, since composite analogues 
using glass slides are used as one component of the structural analysis. 
• The effect of materials variation.   
• Changes within the composites during production.  
• Methods of structural analysis. 
 
 Infrared spectroscopy is based on the interaction between molecular vibrations 
and incident radiation, and whether this interaction causes changes in the incident beam.  
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In FTIR, the interaction of interest is whether absorbance occurs, that is to say whether 
some energy component of the incident beam is altered or removed when the beam 
passes through the material in question.  This occurs when the frequency and amplitude 
of an oscillating molecular movement of a material coincides with characteristics of the 
incoming energy in such a way that changes in the beam result.  These changes are of use 
only if they can be measured and compared reliably.  To do this requires equipment that 
can accurately generate and manipulate infrared radiation as well as manipulate the raw 
data into a form suitable for analysis.  The available FTIR equipment, a Nicolet Nexus 
670, is a medium grade unit equipped with a full suite of software applications.  The 
literature review found a number of different equipment settings with the number of 
scans ranging from 32 to 400, resolutions ranging from 1 to 8 cm-1, and speeds generally 
of 0.312 cm/s.  The general setup and settings for the equipment on this project are listed 
below: 
• Detector: DTGS KBr. 
• Beamspliter: KBr. 
• ATR IRE: ZnSe. 
• IRE incident angle: 45°. 
• Minimum number of scans: 256. 
• Scanning speed: 0.3165 cm/s.   
• Resolution: 4 cm-1 
• Sample gain: 2 
• Purging gas pressure: 25 psi. 
 
 While not considered high level research equipment, it is nonetheless more than 
suitable for this project.  To make sure of this, experiments were conducted to determine 
the quality of the spectra seen in this type of instrument.  To minimize testing, this work 
was performed in combination with starting material testing, using two types of silica 
gels.  The first is a Crossfield (UK) silica product, considered to be the highest quality 
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gel, and the other a Nanjing (China) product, considered of lower quality but attractive 
economically.  Considerable work was perfomed prior to this testing to become familiar 
with the equipment, primarily using the Diamond Cell, a single reflection, horizontal 
mounted accessory to the 670.  This set of experiments represents the final phase of 
familiarization.   
 Fifteen sets of 5 spectra were run for each gel, with the standard deviation for 
each 5 spectra set calculated.  Only one set of graphs is presented.  Graph 9 shows the 

















































Graph 9: Standard Deviation of Crossfield Replicate Sets 
 






























































Graph 10: Average of Crossfield Replicate Sets 
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 The average of the sets is in the hundredths, while the standard deviation of the 
sets is in the ten thousandths.  In other words, the standard deviation is essentially less 
than 1/100th of the recorded absorbance.  The equipment thus collects data of sufficient 
quality for this project. 
 Once acceptable data is gathered, it must be manipulated into a form suitable for 
analysis.  The Fourier transformation of the raw interferogram data into useable spectra is 
of little interest to this project.  However, it should be mentioned that without the Fast 
Fourier Transformation algorithm developed by Cooley and Tukey in the early 1960s and 
computers capable of carrying out that algorithm in a reasonable time, Infrared analysis 
such as this would not have been possible.43, 61, 185  Of more interest is the spectra 
manipulation performed by the 670 software package.  Primary manipulations consist of 
Attenuated Total Reflectance corrections (lower frequencies exhibit upward slopes in 
ATR spectrum as the depth of penetration and reflection losses both increase), spectral 
smoothing via the Savitsky-Golay algorithm,52,81 spectra baseline corrections in cases 
where zero absorbance areas are shifted for various reasons (large particles, ATR 
shifting, excessive pellet thickness or skewed reference baselines), first derivatives of 
spectra to identify shoulders and second derivatives of spectra to identify peaks within 
the shoulders.  The software also identifies peaks based on height and sensitivity criteria 
selected by the user.   
 The most common method used for FTIR examination is transmission analysis 
using a pressed pellet. In this method, a sample powder material is mixed with a non-
absorbing powder such as KBr, using a 9 (KBr)-to-1 (sample) ratio.  The mix is ground 
and pressed into a pellet.  The group had very little success in obtaining good spectra 
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using this method in the past, and several problems with the method came up in the 
literature search.   
 Even if done carefully, the method results in spectral distortions such as band 
shape deformation, band broadening, decrease of intensity and frequency shifting, 
because the absorption coefficients are inversely related to particle size and morphology.  
For silica, this problem is particularly prevalent between 900 and 1300 cm−1.  The direct 
analysis of adsorbed samples on silica powders using transmission FTIR methods is thus 
considered difficult to do directly.139   
 An alternate method reported reasonable results for silica powders using a 
dilution of 5% sample to 95% KBr, particle size limits of about 10 Å, and a very 
narrowly distributed size.139  Even when these limitations are followed, additional 
problems arise with the methods used in calculating absorbance, reflectance and other 
properties.  These calculations are differential methods assuming infinitesimally small 
layers in order to solve the beam movement problems.  With particles, the layers cannot 
be so assumed, and are, in fact, of “known” thickness, that being the particle size. 73,105, 
123, 139, 196  
 Two items reported in the literature were of particular importance to this project.  
The first item is that the particle size must be held uniform between tests, as size has 
considerable influence on spectral quality.164  This caused substantial problems in powder 
analysis, because there was no way of sizing the particles prior to pressing.  To negate as 
much of this issue as possible, pre-determined amounts of sample and KBr were used, 
then ground in the same mortar and pestle for two minutes and thirty seconds for each 
sample.  The second item is that the area under IR peaks decreases with high pressure 
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compaction,40 sometimes by as much as 60-90%.  There is really no way around this, but 
the issue was minimized by compacting the pellets at the lowest possible pressure.   
 The second method to be used is Attenuated Total Reflectance.  This is a 
considerably more complex method of analysis as compared to simple transmission of 
infrared energy, where the incident radiation is directed through a sample and the amount 
of radiation that is transmitted through that sample is detected and compared to that 
which was directed at the sample.   
 Internal Reflection, on the other hand, is considerably more complicated.  The 
propagation of waves across an interface with two uniform materials having different 
refractive indexes results in both transmittance and reflection.  Given uniform 
polarization, the proportion between reflection and transmittance depends on the angle of 
incidence.  When propagation is from a material with a larger refractive index to one with 
a smaller one, internal reflection results.  If the angle of incidence is larger than some 
critical value depending on the materials, nothing will be transmitted and total internal 
reflection will occur.  If the critical angle is not exceeded, however, but an absorbing 
material is still in place, then there will be transmittance, reflection and absorption 
resulting in attenuated partial internal reflection.212   
 Much of the work done on this project involved some form of Attenuated Total 
Internal Reflectance (ATR), where an internal reflecting element (IRE) is set as a 
backdrop to the sample to be analyzed.  In this case, the critical angle must be less than 
the angle of incidence so that an evanescent wave (W1) is created at the interface, 
penetrates some way into the sample, and then decays exponentially (W2) based on the 
distance traveled and the sample, as shown194 in Figure 3.   
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   Figure 4: ATR wave propagation and depth of penetration 
 
 The depth of penetration (dp) can be calculated194 by dp=λ /{2πn1(sin2θ-n212 )1/2,  
where λ is the incident light wavelength, θ is the angle of incidence and n21 is the ratio of 
the index of refraction of the sample (n2) to the index of refraction of the IRE (n1).  There 
are several forms of this equation and all are similar.  The probing depth of the 
evanescent wave is reported to be on the order of several hundred nanometers130 to 
1 μm.55 
The third method used in this project to examine particles was Horizontal 
Attenuated Total Reflectance (HATR).  In the HATR cell available, powder is set in a 
small well, then a piston is driven down to hold the particles in place with a known and 
adjustable amount of pressure.  Using just the gel or composite itself, this method was 
unsuccessful in obtaining repeatable spectra.  In essence, the pressure exerted on the 
powder by the ram was enough to cause movement in the powder.  This was immediately 
obvious when several spectra were run in succession without removing the powder from 
the well as a test of repeatability.  Powders also tend to reflect rather than absorb IR 
radiation if they are uniformly round and contact the cell with a minimum surface area.  
A literature search turned up an interesting method105, where a 10:1 KBr to sample bead 
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cell employed two plates squeezed together, with a KBr layer set on the plate, then the 
sample introduced on top of the KBr, another layer of KBr and then the other plate.  
Enough pressure was used in clamping the plate together to slightly flatten the beads.  In 
a variation of this process, KBr and the composite samples were mixed together to obtain 
the HATR spectra.  Once sufficient method development was done, excellent 
repeatability was obtained for the same samples over several runs as well as spectra that 
were consistent between different runs of the same composite.  Having two methods of 
powder analysis provides the ability to compare spectra for potential problems.   
None of these methods should show substantial differences, either between the 
methods or between the spectra obtained of each stage of composite production.198 This is 
because the main features of the spectra are peak structures from OH, NH, silica and 
water (if present), and only slight changes will occur to these peak structures even with 
substantial changes to the composites.  What should be observed are CH and NH 
frequencies appearing after silanization and polymer grafting and then the appearance of 
nitrogen-metal stretches as metals are loaded.  Unfortunately, nitrogen-metal spectra 
structures exhibit very limited changes even when different metals are coordinated84 and 
therefore do not lend themselves to structural or symmetry analysis.  A review of the 
assigned frequencies is shown in Appendix B and underscores this in that very few of the 
over 400 peak assignments are metal related.  This is one of the primary reasons why 
carbonyl compounds were later chosen for analysis. 
The FTIR analyses were done on both powder and prepared glass slide analogues 
of the composites.  There is considerable difference between the very complex three-
dimensional structures of the gel and the much more constrained two-dimensional 
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structure of the slides.  There are a number of issues that differentiate the composites 
made on gels from those made on slides.  Some of these should not affect FTIR analysis, 
but a number of issues do make comparisons problematical.  Two of the primary issues 
are pore contributions and gel pH.   
Spectra taken of powder composites showed solvent effects due to the inability of 
the drying process to completely remove solvents.  Solvent can occupy pores of as small 
as 1Å by 3Å by 40Å and contain disordered solvent structures,93 indicating both random 
placement and bonding within the pores, which cause the increased background.  Since 
the solvents are mostly CH based (methane or hexane), the spectra display increased 
background in those spectral regions.   Larger pore size also shifts the peak position to a 
higher wavenumber within the spectra, such that in a study to control porosity of sol-gel-
derived silica films, the main silica peak at 1080 cm−1 shifted to a lower wave number as 
the porosity was gradually reduced.203  Well over 1000 spectra were taken in the course 
of this project and shifting of the main silica peak to higher and lower wave numbers by 
as much as several cm-1 was observed depending on the gel used and its pore size 
distribution.   
   A considerable number of issues with pH are problematical as well.  Because 
gels are formed at different pH’s depending on the fabrication method used, silica gels 
have different characteristics due to their origin.  Both the silica gels used as base 
material and the methods used in producing the composites exhibit pH effects, as do the 
environment in which the composites are loaded, stripped and regenerated.  The pH 
effects for amine groups in particular have been extensively investigated, with detailed 
structural studies of the metal-amine complex found to depend heavily on pH92.  The pKa 
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values of the vicinal (close to the backbone) and terminal (remote from backbone) will 
also shift due to their distance from the backbone, the polarity of an adjacent chemical 
group and the overall changes in functional group concentration in the resin phase.  
Combined with steric issues, this can make the terminal nitrogen considerably more 
prone to being protonated.197  This shows up in the project spectra as peak shifting 
between “identical” composites as it is virtually impossible for one batch to be the same 
as another batch.  It turns out this is much less prevalent in slides, because the 1°/2° 
dynamic is completely different than in powders.  Starting gel pH also has an effect on 
the IR spectra.204 So much so in fact that spectra can be totally changed; one of the few 
things that can actually do this.  To eliminate this effect, I used composites that were 
produced from Crossfield silica gels. 
 The last real issue is that of temperature.  In mainstream organic resins, 
temperature has a significant effect on adsorption capacities, with capacity increasing 
with increasing temperature.  The most common explanation reported for the 
phenomenon was that the resin swells more completely at higher temperatures, making 
ions diffuse more easily into the resin.148  Both slides and powders exhibited this 
behavior, because of the extended times at elevated temperature having to be employed 
for some metal loading to occur.  However, the silica does not swell to any great extent 
and thus increased access to pore interiors via swelling could not be the mechanism 
responsible for this, but rather polymer configuration must be.  While the polymers used 
in some cases are described as linear, this is not a strictly correct description, because 
energy minimums and steric factors result in a spiral configuration rather than a true 
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linear configuration.  With increasing temperature comes unwinding of the spiral and 
disentanglement of the polymers, increasing access to the functional units.   
3.2  FTIR spectra after silanization and polymer grafting 
3.2.1  Introduction 
 Silica surface chemistry is of some importance because of its relevance to 
electronic devices, yet it is poorly understood.104  Generally, alkylchlorosilanes are mixed 
with the matrix material in a suitable organic solvent and then heated.  First, 
physisorption of the chlorosilane occurs on the adsorbed surface water layer of the SiO2 
substrate.  The adsorbed molecules are then hydrolyzed to form silanols.  This reaction 
consumes the surface water and produces HCl.78  Depending on the conditions, the 
silanols then react with surface hydroxyl groups or each other to further modify the 
surface.  The silanization for the composites and slide analogues can be seen in Figure 2.  
In this process, the surface is humidified to form a monolayer of water before the 
Cl3Si(CH2)3Cl reaction (Figure 2) occurs.  The production and elimination of HCl is not 
shown in Figure 2 but does occur and must be dealt with during production, as mentioned 
above. 
 Silanization on the silica gel has been accomplished by the research group in a 
consistent manner for many years, but has recently been investigated in its own right and 
modifications made to the original method.  For slide applications, silanization occurred 
without difficulty using the old protocols, provided the slides were simply glass.  When 
quartz slides were used, however, silanization did not occur due to the limited availability 
of surface hydroxyl groups. 
 One of the primary thrusts of this project was to develop slide analogues of the 
composite gels; much of the work presented here then is from both powder-based gels 
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and slide-based analogues. Beyond the difficulties experienced in the past with powder 
spectra, there were two main reasons why slides were investigated: slides offer the 
opportunity for variable depth analysis, something not possible with powders given the 
instrumentation currently available at UM and MT Tech; and, if workable, slides offer 
the possibility of developing an in situ cell capable of tracking the production, loading 
and stripping of the composites.   
There will be differences, sometimes substantial ones, between the pellet 
transmission spectra for the gels and the ATR spectra for the slides.  Also, while ATR 
analysis does have advantages over transmission analysis in some respects, it also has 
limitations.102  For instance, variations in slide geometry or abrasion in either the sample 
or the Internal Reflection Element (IRE) alter the results for each reflection/absorbance 
bounce, decreasing the signal-to-noise ratio considerably and in some cases ruining the 
spectra entirely.  Excessive pressure between the sample and crystal can alter the shape of 
the IRE or sample and consequently the reflectance characteristics of the wave.  Any flaw 
in either surface produces non-repeatable results.  For these reason, care must be taken in 
loading the cells, particularly the ones used for this project.   
 All the work done on slides required considerable adjustment as work progressed.  
Of the three base polymers used, polyethyleneimine (PEI), polyallyamine (PAA) and 
polyvinylamine (PVA), each presented unique problems related to attaching them to the 
slides, especially the PAA.  Protocols for each polymer had to be developed, because 
what worked for one did not work for the other two.  
 PLEASE NOTE:  Numerous peak assignments are given in the following pages.  
Many are from multiple sources, there being over four hundred references to peak 
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assignments noted from the literature.  Rather than footnote every peak assignment, 
Appendix B has the entire list of peak assignments along with the authors from which the 
peak assignments were taken.  Any peak mentioned in the main body can be referenced 
in Appendix B and if the full literature reference is needed, the bibliography will supply 
that from the authors. 
3.2.2.  Silanization 
3.2.2.1 Experimental  The methods used to prepare the glass slides followed those 
used for powder production as closely as possible.  The first step was to silanize the glass 
surface.  The polymers are subsequently attached to the silane tether, so without the 
silane layer, no composite can exist.  The current method of silanizing the polyamine 
composites consists of several steps.  The gel is sized, washed, dried, rinsed, dried again, 
re-hydrated and finally silanized.  Some of these steps were not required.  The slide 
silanization procedure was adapted from the gel and changes made based on the large 
body of literature available.31, 62, 78, 95   A number of methods were tested and the one 
below finally adopted. 
• Wash the slides in de-ionized water,. 
• Clean the slides in a mix of H2SO4/H2O2 (70:30). 
• Rinse in de-ionized water, pat dry and finish drying under dry nitrogen 
stream. 
• Transfer cleaned slide to oven at 115° centigrade for 10 minutes and then 
allow to cool in a desiccator. 
• Set cooled slide in Chloropropyltrichlorosilane/hexane (15%) mix for 24 
hours. 
• Rinse with hexane and de-ionized water, pat dry and finish drying under 
dry nitrogen stream. 
• Dehydrate in oven at 115° centigrade for 15 minutes and store in 
desiccator. 
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3.2.2.2 Results  Graph 11 shows absorbance for the CH region (3000-2800 cm-1) 
for a silanization reaction with the bottom line being a double dip into the silane mixture 
(weak peak structures),  the middle structure being a one hour immersion (developing 
peak structure) and the well developed peak structure being a slide immersed for 24 hours 
in the silane solution.  The peak at 2871 cm-1 would be a symmetric CH2 stretch while 
those at 2917 cm-1 and 2942 cm-1 would be the asymmetric.  These spectra have been 
adjusted, with an ATR correction, a baseline correction and smoothing done.  The silane 


































 2800   2900   3000  
Wavenumbers (cm-1)  
Graph 11: CH region of silanizing slide 
 
 Graph 11 clearly shows the evolution of the CH peaks as the silane goes onto the 
slide.  The asymmetric CH2 stretches at 2942 cm-1 and 2917 cm-1 become prominent first, 
but are not individually distinguishable.     
 Note that Graph 11 is in Absorbance, so the identified peaks are peaks and not 
valleys.  The software used requires spectra to be in Absorbance to perform the required 
manipulations or calculations.  In the literature, both transmission and absorbance spectra 
are reported,82,194 but to maintain uniformity, all further obtained spectra in this report 
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show inversion characteristics, where transmission and absorbance are reversed. This is 
due22 to the equipment, as the Missoula Nicolet 670 purging system used compressed air 
supplied by the building system without secondary purging, while the Butte Nicolet 670 
had a secondary purging system.  Because of this, the Missoula unit regularly inverted 
peaks as the background inside the IR unit itself changed depending on a number of 
factors affecting the compressor.  This would in turn alter the background spectra 
between background and sample spectra scans, as each spectra required a minimum or 
256 separate scans. 
 Graph 12 shows the cleaned and hydrated Crossfield silica gel and a subsequent 
silanization.  This is the same CH region as shown as in Graph 11.  2999 cm-1 is a CH 
asymmetric stretch, 2961 cm-1 is a CH asymmetric stretch 2941 cm-1 is a simple CH 
stretching band and 2858 cm-1 is a CH symmetric stretch.  These peaks are shifted in 
intensity compared to those for the slides.  This is an indication that the slides and gels do 
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3.2.3  Polymer grafting 
 Following silanization, the next step in the composite production sequence is 
grafting of the polyamine to the surface.  A large number of spectra were obtained in this 
phase of the investigation, and each could be expanded to show several areas.  In fact, 
several hundred spectra could be included in this section, but generally without much 
benefit.  Polyamines were definitely grafted to both gels and slides and only a limited 
number of graphs are included to illustrate the major spectral features.  
3.2.3.1 Experimental Procedures  The final procedure used for polyamine grafting 
onto the slides was as follows: 
• Transfer silanized and dehydrated slides to oven at 115° centigrade for 5 
minutes. 
• While still warm, transfer the silanized slide into the same polymer 
dilution as used in gel production sequence for 24 hours at 60-65° 
centigrade. 
• Rinse with de-ionized water, pat dry and finish drying under dry nitrogen 
stream. 
• Transfer to oven at 115° centigrade for 5 minutes and then allow to cool in 
a desiccator. 
• Dehydrate in a desiccator for at least 3 days using P2O5 as desiccant. 
• Keep the slides in a desiccator while transferring into the FTIR equipment. 
• Store all slides in desiccator. 
 
3.2.3.2 Results  Graph 13 shows the CH region for a silanized slide and 3 grafted 
polymer slides (PEI, PVA and PAA).  This illustrates one important point about the 
polymer grafting step.  The difference between the merely silanized slide and the PAA 
polymer grafted slide (BP-1 analogue) is not as distinct as the other two polymer grafted 
slides.  The PAA was by far the most difficult polymer to attach to the slides, and this 
spectrum does indicate that only partial polymer grafting occurred in this particular 
grafting.   This difficulty is probably due in part to difference in polymer configuration 
(as shown in Figure 1) and the difference in the number CH2/CH groups as well as their 
positions in the polymer chains.   In any case, the PAA required considerably more 
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rigorous steps for polymer grafting to be successful, including better surface preparation, 
higher temperatures, better temperature control and longer reaction times.  Graph 13 
shows a 24-hour polymer grafting procedure conducted at room temperature.  Subsequent 
to this, the more rigorous procedures were used to increase PAA polymer grafting.  The 
PEI appears to  have grafted without any difficulties even at room temperature and 
limited reaction times.  The PVA required extended reaction times but not elevated 
temperatures.  The PAA required both extended reaction times and elevated 
temperatures.  There was not much difference between the spectra, only shifting the 
bands.  Notice however that PEI had an additional broad band at 2820 cm-1, reflective of 
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Graph 13: Main CH region of silanized and polymerized slides 
 
 Graph 14 shows two spectra, one of the PEI polymer itself and one of a PEI 
silanized and grafted slide (WP-1 analogue).  Three main features are important: the 
primary amine region between 3500 and 3000 cm-1 (left side of the graph), the main CH 
region around 2900 cm-1 and the secondary NH region around 1600 cm-1.  All these 
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Wavenumbers (cm-1)  
Graph 14: PEI polymer and polymerized slide 
  
 Graph 15 shows two spectra as well, one of the PAA polymer itself and one of the 
PAA modified gel, BP-1.  Notice the difference between the PEI polymer in Graph 14 
and the PAA polymer in Graph 15.  Notice the similarities in the slide analogue of WP-1 
and the BP-1 gel in that the main NH and CH regions are common to both, as they should 
be.  The secondary NH region is similar in the two spectra, but not identical, as would be 
expected as well.  Notice however the one substantial difference around the 1000 cm-1 
region.  That is the main silica peak which is strongly absorbing.  In transmission mode, 
this region is so strong that mixes have to be .25% powder to 99.75% KBr instead of the 
more customary 5-10%.  In the slides, because the silane and polymer layers effectively 
screen the underlying glass substrate, the absorbance is not nearly as strong, and shows 
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PAA 15B polymer
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Wavenumbers (cm-1)  
Graph 15: PAA polymer and BP-1 gel 
 
 Expanding the spectra to a smaller spectral width better illustrates the evolution of 
the peak structures as polymer grafting occurs.  Graph 16 shows the spectra of CP gel, 
BP-1 composite and a secondary composite, BP NTA (nitrilotriacetate on BP-1,).  BP 
NTA is discussed in more detail inSection 4.4.5, while these spectra are meant to show 
the evolution of detail from gel through primary foundation composite and then to the 
secondary composites.  1736 cm-1 is a C=O stretch, 1675 cm-1  is a group of CN peaks 
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 The primary peak at around 1630 cm-1 remains in all three structures. This is 
probably a Si-O/Si-OH lattice vibration that is shifted to a lower wavenumber  
(BP1<NTA<gel) as the polymer and functional units are attached.  The BP-1 has a 
combination of CH and NH groups, with the CH group of peaks lost when the NTA is 
attached. 
 To show a comparison of primary foundation composites, this same secondary 
NH region is shown in Graphs 17-19 for PEI (WP-1), PVA(VP-1) and PAA(BP-1) 
polymer grafted slides.  The spectra are aligned on the page to show the differences 
between the grafted composites as well as the spectra of the free polymers (PEI, PAA and 
PVA) themselves.   
There is an interesting side note to the silanization and polymer grafting, and that 
is whether the attached silane and polymers maintain the crystalline/amorphous structure 
of the underlying gel or slide.  Even though the gel is sold as an amorphous silica gel, it is 
generally known that these silica structures contain crystalline structures,3,41,113,135,177 in 
some cases in substantial amounts.  In the case of silica gels, this seems to be dependant 
on pore size, with approximately 200 angstroms being the cutoff between crystalline and 
amorphous.  Smaller pores tend to have mixed structures and below 100 angstrom, 
amorphous structures seem to predominate.  As mentioned above, the preferred silica gel 
for the composites is 200 – 300 Å so there should be crystalline structures in the 
composites.  A number of studies examine the crystalline/amorphous issue, showing a 
simple enough general method for gauging the level of change involved using CH 
rocking band analysis.55    
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Graph 17: Secondary NH region of PEI 
slide.   
The PEI polymer shows the primary NH 
structure around 1640 and a weak band 
around 1450 (CH and CH2 deformation 
and scissoring bands).   
The polymerized slide shows features in 
these regions as well as water bending 
peaks (1640), CC (1650), CN (1650), CN-
H (1540), NH (1550) and NH2 (1600).  
Graph 18: Secondary NH region of 
PVA slide.   
The PVA polymer shows a different 
NH/NH2 structure from 1560 to 1640 
and a medium band from 1350 to 1380 
(CHsym or CH2-N bands).   
The polymerized slide shows either a 
splitting of the NH band or one of the 
main problems with the FTIR unit we 
have, that of transposition of positive 
and negative features from the 
background differences, as discussed 
above.  These features can be reversed 
by setting the spectra to Absorbance, 
“flipping” the features. 
Graph 19: Secondary NH region of 
PAA slide.   
The PAA polymer shows the primary 
NH structure around 1640 and a very 
weak band around 1450 (CH and CH2 
deformation and scissoring bands).   
The polymerized slide shows weaker 
features than the PEI slide but similar 
structure.
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The bands at 808 cm-1 are rocking vibrations of CH2 and C-CH3 vibration.  Those at 841 
cm-1 arise from CH2 and CH3 rocking as well as C-CH3 vibration.  Both studies found that 
amorphous forms attached to a crystalline form resulted in crystalline forms, and this 
analysis supports that study.   Graph 20 shows a silanized slide and a PAA polymerized 
slide (BP-1 analogue) as well as a silanized silica gel and BP-1 gel, all made with mixed 
silanes.  The silica gel should have at least some crystalline component. When the 
polymer is attached, the rocking band stays in position, indicating no change in 
crystallinity, which is to say the polymer has adopted the crystalline form of the gel.  That 
is not true of the slides though.  The 841 cm-1 band is clearly evident in the silanized 
slide.  Because the slide is a much more amorphous structure with a minimal crystalline 
component, this band in turn indicates an amorphous rocking structure.  This situation 
does not change when the PAA is attached to the slide, indicating the polymer has 
adopted the underlying amorphous form of the slide, just as it did with the gel. 
 



























 740    760    780    800    820    840    860    880    900   
Wavenumbers (cm-1)  









 64  
3.3  Slide Analysis 
 As can be seen even from the limited spectra presented in the last section, both 
slides and silica gels undergo polymer grafting in a similar manner.  The differences seen 
are to be expected in many cases, and no odd peak structure is evident.  The slides then 
are a reasonable analogue of the silica polyamine composites.  A large number of 
experiments were conducted to examine the silanization and polymer grafting of the 
slides.  Three substantial results were uncovered: the effect of water, the effect of the 
modified silanization procedure, and the action of the polymers at various ATR incident 
angles. 
3.3.1  Water and composites 
 The ATR spectra of the slides show considerably more activity, in both intensity 
and number of peaks, than the transmission spectra of the powders.  This is due in part to 
the nature of ATR method and in part to the nature of the slides.  The water region is a 
good example of this.  The silane tether attachment to the silica surface of the slide relies 
on defects (or at least favorable surface energy sites) as initiation sites145 promoting 
lateral polymer grafting of the silane and limiting the actual surface attachments but 
perhaps not coverage.  Two-dimensional aggregates with lower coordination numbers 
should exhibit lower capillary condensation ability than three-dimensional structures.65  
The end result should be less water uptake by the slides than by the gels, but the IR 
spectra do not show this.  This apparent contradiction may be a result of the manner in 
which the tethers attach, in that once they are in place, the surface more closely 
approximates the three-dimensional construct, and thus more effectively transports and 
coordinates water.  The surface sites that are covered but not actually silanized then are 
able to hydrate.  This seems the most plausible explanation, because the moisture must 
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come from outside the slide, whereas in gels, the exterior source is supplemented by 
interior moister remaining in pores.77   
 It was apparent from the beginning that water causes significant problems in 
dealing with both the gels and the slides.  Concerning the amount of water that might be 
expected, in a study of proteins attaching to silanized and polymer grafted silica slides, 
the ability of the slide to absorb water was found to be directly dependant on polymer 
coverage.  For silanized slides, subsequent polymer grafted with PEI, that fact was used 
to judge polymer coverage by tracking the percent growth in the OH vibration bands.127  
The type of water to be expected is also a critical issue as far as removing it because the 
gels are hydrophilic polymeric networks, that can absorb thousands of times their own 
weight in water.  Slides however are not three dimensional networks but surfaces where, 
depending on surface quality, varying degrees of three-dimensional structures will occur.  
The amount of water to be absorbed on the slides in particular will depend greatly on the 
quality of the surface itself (initial quality of the glass slide, cleaning procedure used, 
length of time between cleaning between cleaning and silanization, care of handling, 
transfer protocols and drying…) as well as the quality of the silanization and polymer 
grafting (temperature control, handling protocols, time allowed for reactions and 
drying…).  In general, three types of water are to be expected: bound or “nonfreezing” 
water, where the water molecules are hydrogen bonded to either the surface or polymer 
molecules; secondary bound water that interacts with the surface species but is not 
hydrogen bonded; and, free water that has very high mobility and little, if any, 
interaction.124  The distinction between the various types of water is based on its behavior 
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near the melting point, in that free water and some secondary bound water can be freeze 
dried, where bound water cannot be freeze dried.124 
 Just how problematical water is was not truly evident until we set up a P2O5 
desiccator.  Graph 21 shows spectra of the same PEI slide but one was obtained soon 
after polymer grafting and the other was dehydrated and run again as a quality control 
check.  When the spectrum was noticeably cleaner, the slide was transferred to a P2O5 
desiccator for 20 hours and that spectrum is shown in Graph 21 along with that of the 
non-dehydrated slide.  The difference was striking.  The NH hump (~3500 cm-1) in the 
dehydrated slide became prominent, as did the Si-O-Si features in the fingerprint region.  
Notice that the CH peaks (~2900 cm-1) are inverted in the dehydrated slide, as discussed 
above due to the difficulties in background control and purging with the Missoula unit.  
The hydroxyl region (4000-3500 cm-1) is gone in the dehydrated slide.  The water 
features around 1600 cm-1 are eliminated, leaving the secondary NH region much more 
prominent.   
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Graph 21: Normal and dehydrated PEI slide 
 
 Once it became obvious that significant dehydration was required, a method that 
did not require three or four weeks in a desiccator between polymer grafting to final IR 
dehydrated
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had to be developed, preferably using temperature drying to save time.  In studies7 of the 
surface-hydration, dehydration and dehydroxylation of aerogels, solvents like ethanol and 
isopropanol could be removed at just under 110 °C, adsorbed water removed between 
110 and 180°C, and chemically bonded water removed from 180 to 275 °C.  Different 
groups124 report slightly different numbers, so that dehydration of slides is considered to 
occur at about 200 °C, dehydroxylation in the range 200-350 °C, and removal of 
hydrogen bonded silanols requires 450 °C and a vacuum.  Unfortunately, the polymers 
themselves may not be capable of withstanding such temperatures.124  PAA in particular 
exhibits a broad melting endothermic peak when present in interpenetrating polymer 
networks at between 120 and 134 °C.  Keep in mind that the glass transition temperature 
of PAA is -26 °C.  PEI, on the other hand does not decompose until about 300°C.171  A 
Tg temperature for PVA was not available, but it seems safe to assume some comparable 
temperature for it.  Given their properties then, if oven drying was to be done, a method 
which did not degrade the polymers had to be developed. 
 A substantial number of samples were tested to gauge the effect of time and 
temperature on polymer degradation.  It is possible to dehydrate the slides in a relatively 
short period of time without degrading the polymers, although there is some slight 
shifting of peak structure, as would be expected as water is removed.  Graph 22 shows 
the fingerprint region of PVA polymerized slides.  The marked line has been dehydrated 
while the non-marked line was not dehydrated.  If any changes were occurring, this 
region would show them.  
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Graph  22: PVA slide (fingerprint region) 
 
 Once a polymer grafted slide is loaded with metals, the peak structures become 
more stable, whereas with slides that have not been metal loaded, water removal results 
in dramatically better NH peak structure as shown in Graph 21.  Graph 23 shows the 
primary NH region in a metal loaded slide, and displays little change between the marked 
dehydrated slide and the unmarked, non-dehydrated slide.  This indicates that the metal 
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 Excessive temperatures however do change the grafted polymer IR spectra.  At 
temperatures over 120°C, the PAA is altered, but not the PVA, an indication that the 
PVA is stable even at the elevated temperature, at least on the slides. 
In summary, the main -and very important- point here is that the resulting spectra 
are dramatically improved, and thus, at least for the slides, dehydration is considered 
essential for analysis.  This also raises the possibility that silica polyamine composite 
production may benefit from water reorganization by inserting a curing step into the 
sequence.  It also points out the importance of water management in producing the 
composites. 
3.3.2  Revised silanization procedure 
 As mentioned above, a revised silanization procedure was investigated by the 
research group to improve surface coverage and subsequent polymer grafting.  The 
method used a combination of the conventional chloropropyl trichloro silane (CPTCS) 
and methyl trichloro silane (MCTS).  FTIR analysis of these methods was then done to 
gauge the structural effect. 
Silane will self assemble on virtually any surface where there are surface 
hydroxyls that can react with the chemically active groups of the silanes.  Among such 
surfaces are silica, glass, and metal oxides.  Usually, methoxysilanes or chlorosilanes are 
used in the attachment process.   
 Current belief is that the self-assembled monolayers form close-packed and 
aligned molecular films.  Two general types of polymer grafting layers self-assemble, 
lateral (horizontal) and vertical, both of which are highly dependant on the reaction 
conditions.95  
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 The mechanisms of self-assembly are not known with any degree of certainty, and 
considerable discussion is occurring concerning them. 95  Silanes with single functional 
groups such as the methoxy- or chloro-silanes probably form a single Si-O-Si surface 
bond, while bi- and trifunctional silanes can construct multiple bonds, not only to the 
surface but between neighboring silanes.  The bi- and trifunctional silanes are currently 
thought to grow in one of two ways.  In the first, a layer forms, but it exhibits only short-
term order, much like a liquid, and as it arranges itself on the surface, it grows both in 
width and in thickness, resulting in a relatively uniform surface coverage in thickness, 
composition and surface coverage.  The second model involves close-packed islands 
forming initially then growing by lateral polymerization that results in a less uniform but 
still relatively comprehensive coverage.  The surface concentration of silanes grows 
rapidly in the first few minutes, saturating at a concentration of 2.1 × 1014 silanes/cm-2.95 
 An additional consideration is whether the silanization starts in the solution or on 
the surface of the substrate. This is important because how the silanes get to the surface 
and then react there to attach to the surface depends a great deal on their size and relative 
mobility.  Where they attach and the nucleation sites they form have an enormous impact 
on the resulting film growth.   There will be monomers and probably polymers in the 
silane solution, with the amount of water available in the solution mostly determining the 
relative percentage.  The silanes will deposit on the substrate in different manners, 
depending to a great extent on the diffusion characteristics of the monomer or polymer.  
The size, surface morphology and distribution of the deposited silanes thus depends on 
diffusion through the solution, deposition on the substrate and aggregation on the 
surface.31 
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 The self-assembly mechanism of the silanes is conventional and not considered 
reversible.   The silanes move to the surface in a diffusion controlled manner, move along 
the surface depending on the lateral and vertical forces present and either react with the 
surface or become entangled in an already tethered silane and then aggregate at that 
spot.31   
 As mentioned previously, there are two mechanisms thought to operate, one being 
a film model and the other an island model. 95  In both cases though, individual nucleation 
sites appear first generally in a fractal shape, indicating the absence of rearrangement 
forces or controlled diffusion.  The subsequent growth of the nucleation site islands 
determines which mechanism is operable.  If sufficient energy is available, it acts as a 
controlling force to the diffusion, resulting in more compact, widely spaced islands that 
grow preferentially to forming new islands.  This energy is supplied by temperature.  At 
lower temperatures and thus insufficient energy, the islands are very small and randomly 
scattered.  They do not grow, but rather new islands slowly form and fill in to finally 
become a uniform film covering.  A break temperature of 28° C is reported as that which 
determines film from island, with island being above that temperature and film below it.31 
  Water is required for the silanization, but it need only be available in one 
medium, either in the solution or on the substrate.  Without water, there is nothing to join 
the silane to the surface and consequently no silanization can occur.  However, water also 
reacts faster with silane if it is present in solution.  Minimizing the water available, such 
as performing the experiments under dry nitrogen atmospheres, can result in a time 
differential for silanization to occur up to ten times longer than ambient air tests.  A lack 
of diffusivity governed by less mobile polymers or viscous solvents or minimal water 
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will result in small islands that diffuse to the surface and attach there more slowly.  
Optimum diffusivity results in larger islands that grow quickly and eventually cover the 
surface faster.31  
 The temperature, the active groups of the silane and whether they are monomers 
or polymers and finally the hydration state of both the substrate and the silane solution 
appear at first reading to be the independent variables for silanization.  
 Given the effect of water on the conventional slide silanization, when bench 
experiments showed improved results from the mixed silanization procedure for the 
composite gels, slide analogues were prepared to see whether the same effects were 
present.  None of the three following graphs (24, 25 and 26) show dehydrated slides or 
adjusted scales.  The slides were removed from solution and patted dry with final drying 
under nitrogen without going into a drying oven or desiccator.  In many of the spectra 
displayed in this dissertation, the scales are adjusted to better display the peak 
comparisons.  Graphs 24, 25 and 26 show the same scales with lines relocated to show 
peak height comparisons.    
 Graph 24 shows the water area of the spectra.  Notice the substantial difference in 
peak height between the conventional CPTCS silanized slide and the mixed silane (7.5 
MCTS to 1 CPTCS, 10/1 and 12.5/1) slides.  The mixed silane slides are extremely 
consistent, showing very little water, while the conventional CPTCS slide shows an 
increased number of peaks as well as increased intensity of those peaks. 
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Graph 24: Water region for 7.5/1, 10/1, 12/1 and CPTCS silanization mixes 
 
 Graph 25 shows the hydroxyl area and again exhibits substantial difference in 
peak height between the mixed silane slides and the CPTCS slides.  While not strictly 
quantitative, this is a clear indication of substantially lower hydroxyl content on the slide 
with the mixed silanization than with the conventional CPTCS silanization. 
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Graph 25: Mixed silane vs CPTCS (hydroxyl region) 
 
 Virtually all the slides done in the mixed silane study showed similar results.  The 
only differences in the spectra came in the CH region, where different peak structures 
were evident and several peak positions were shifted slightly.  This may be a result of the 
different orientation of the CH units to the slide surface and the incident IR beam.  The 
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surface silanes of the mixed silane are probably aligned less vertically than the surface 
silanes on the CPTCS slide, interdigitated to a greater extent or cross-linked.  Prior work 
by Dan Nielson and Mark Hughes in the research groups has shown that MCTS reacts 
faster, and this FTIR work appears to show that the surface alignment of the CH units is 
different, both of which could contribute to the improved surface coverage of mixed 
MCTS/CPTCS silanization over the exclusively CPTCS silanization. 
 These slides show clear indication that for the mixed silanes, the water is not 
being carried onto the slide during silanization.  One explanation for this is that an initial 
MTCS island formation eliminates water from the surface followed thereafter by sheet 
CPTCS formation where the water is not being trapped underneath.  For this to be true, 
the amount of MTCS would have match that required for island formation130 on the slide 
in order for the initial dewatering to occur.   
There does appear to be a range of acceptable mixes since the 10/1 mix shows 
results intermediate between the 7.5/1 and the 12.5/1.  The higher mixes such as 12.5/1 
thus may contain too much of the MTCS to promote island formation and forming 
instead sheets, in the same manner as the only-CPTCS silanization, trapping water 
beneath the sheet, no matter the silane used.  This, in turn, implies that whether island or 
sheet formation occurs is not a function of water in solution versus surface water, but 
rather additional factors, perhaps charge balance, the number of initial attachment sites or 
silane immiscibility.   
 Two possible mechanisms for water exclusion and the improved surface coverage 
are reported.  The most probable is the dual site binding of the MCTS to the surface. 
Methacryloxypropyltrimethoxysilane is reported108 to have three adsorption forms on a 
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silica surface: one with a single, vertical molecule (Figure 5a); one with a single vertical 
molecule that side-reacts with another molecule and forms stepwise layers; and, one 
where the molecule “bends” horizontally (Figure 5b) so two Si-O bonds are formed with 
the silica surface.  The “bent” horizontal binding would explain the water exclusion 
mechanism, where the initial Si-O bond forms, then the secondary bond forms, both 
eliminating water from the surface. 
 
Figure 5: Single Vertical vs Bent Horizontal Dual Site BInding 
 
 Alternatively, or perhaps complimentary, is the mechanism proposed for 
Aminosilane, N-[3-(trimethoxysilyl)propyl]-ethylenediamine (AENPS).95  It reacts 
spontaneously with the surface hydroxyl groups and forms a self-assembled layer.  In the 
absence of water, the AENPS forms a minimal monolayer with only a single methoxy 
group per silane reacting with a single surface hydroxyl.  The other two methoxy groups 
do not react with either surface hydroxyls or other silanes and they screen neighboring 
surface hydroxyls from oncoming silanes.  If there is water in the solution, the polymer 
grafting of the silanes starts in solution and the resulting film is horizontally preferred, 
















a: Single Vertical b: Bent Horizontal
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Keep in mind that in virtually all cases, there will be some traces of water in the 
"dry" solution.  In both cases however, the monolayer forms within the first several 
minutes and then builds up.  The molecular orientation for self-assembled monolayers is 
essentially random and does not change much as the packing increases.  In the case of 
vertical growth, especially if the substrate is less than uniform, the island and trees 
configuration controls an area equal to the horizontal distance of its vertical component.  
As the island density increases, the trees become entangled, opening up reaction spaces 
that had previously been unavailable.  This is essentially a steric hindrance argument that 
is expanded to include dynamic movement of the tethered silanes.  Alternatively, one can 
argue that instead of hindrance determining the density of the silane layer, the presence of 
water preferentially aligns the one amine group to attach to the substrate, leaving the 
three methoxy groups untethered to the surface, allowing for more groups to attach and 
thus increasing the overall coverage density at the surface.   
 To make sure the MTCS/ CPTCS mix was excluding water, the spectra were 
compared to slides that had been dehydrated at suitable temperatures.  One group of 
spectra is included to illustrate that the water exclusion effect of the MTCS/ CPTCS mix  
is equivalent to dehydration.  The individual spectra are not marked on the graphs 
because they are all alike.  Graph 26 below shows three slides of MTCS/ CPTCS mix 
(7.5/1, 10/1 and 12.5/1) and one slide after oven dehydration (120° C).  The features for 
the three mixes are identical in the water area, the hydroxyl area and the fingerprint area.  
As Graph 26 shows, the only feature exhibiting even slight differences was that the 7.5/1 
mix had more compact peaks, a sign of a minimal hydroxyl structure.  Oven drying of the 
slides resulted in a common structure in both areas, a clear indication that the MTCS sub-
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layer forms the same structure as the CPTCS over-layer once water is taken out of the 
picture.   
 
**6-27 CPT CS 120Oven ON
**6-27 D1M7.5#1 120Oven ON
**6-27 D1M10a 120Oven ON
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Graph 26: Various mixed silane slides and dehydrated slide (OH region) 
 
 The experiments clearly show that using a mixed silane excludes water from the 
slide surface during silanization.  It does not seem unreasonable to assume the same is 
true of the silica gel silanization.  If this does hold for the gels, it would imply that the 
hydration step used in gel production may be eliminated when using the mixed silanes. 
 
3.3.3  Variable incident angle analysis 
The mixed silane study seemed to show that the layers being set down on the 
slides were not what was expected.  The combined silane and polymer layers as reported 
in literature should be 10-100 nm,121 with the depth of the penetrating wave (dp) less than 
1 μm.190  That depth depends on the wavelength (λ) of the electromagnetic radiation, the 
refractive indices (n) of the IRE and the coating, as well as the angle of incidence (α). 
The equation most commonly reported for the depth of the penetrating wave is {dp = λ 
/2π(sin2 α- (n212))1/2}, although there are several variations. 
While in general the depth of the wave seemed to be in excess of the actual 
coating, results for the slides showed an Si-O-Si deformation (bending and stretching)7, 65, 
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66, 203 peak around 500 cm-1 that has been cut out of the spectra presented so far because 
of its very large absorbance.  Graph 27 shows the full spectrum of a PAA slide (BP-1 
analogue), with that peak included.  The spectra of other slides showing the same 
overwhelming peak.  The absorbance of this peak is large enough to distort the spectra 
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Graph 27: Full spectra of a polymerized silica slide 
  
 This indicated that the IR energy was penetrating the silane and polymer layer to 
the underlying silica substrate of the slide.  When questions arose, variable angle of 
incidence experiments were performed to address the issue, using another Nicolet 670 
attachment which could vary the angle of the incident wave.  In most studies of this sort, 
both the IRE and the angle are varied, but in this case, only the incident beam angle could 
be varied as there was no way to reliably alter the IRE angle. 
 A preliminary run was made to see if any variation with depth was occurring.  
Graph 28 shows the CO region of a carbonyl loaded, oven dried slide with the IR angle of 
incidence into the IRE ranging from 20-50 degrees.  As Graph 28 shows, there are 
differences in not only peak height but also structure.   The differentiation and coalescing 
of the CO peaks around 2100 cm-1 are to be expected, but notice the loss of the repeating 
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features on the right side of the graph.  All this is clear indication that the structure is 
changing.  Given the thickness of the coating however, one should see the CO peaks 
disappear as the depths change and the wave penetrates below the nanometer scale layer 
of the polymer/silane layer to reach the underlying glass slide.  That did not happen.  
Instead, the carbonyl loaded layer persisted through what had to be a layer of at least 
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Graph 28: Variable angle and depth analysis of dehydrated slide 
 
 Once this was found, a more in-depth analysis was attempted.  That analysis soon 
pointed out a basic problem with depth analysis, that being the intransigence of the 
equations used to calculate it.  Unfortunately, the equations result in imaginary numbers 
for a significant number of angles.  This, combined with the limited instrument we had 
for variable angle ATR (the incident angle changes but the IRE angle does not, so odd 
actual angles are produced), resulted in a very small range of useful angles.  Graph 29 
shows the useful calculated depths of penetration for the angles available in the 
instrument.  Even some of these angles are not accessible because the slides are too big to 
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Graph 29: IR depth of penetration (m) with variable angle 
 
 Two other graphs highlight this.  Graph 30 shows the variable angle analysis for a 
PVA slide with a coordinated carbonyl compound.  In both graphs, the top lines represent 
what would be the “shallowest” penetration, the middle lines a “middle” penetration, and 
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Graph 30: Variable angle analysis of a carbonyl loaded PVA slide 
  
 These graphs show what is, to put it bluntly, impossible.  When run on the regular 
45° equipment, the slide shown in Graph 30, as well as several others done for this 
analysis, clearly show the overwhelming silica peak at 580 cm-1.  That means the 
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incident wave is, in fact, penetrating the silane/polymer layer to reflect off the underlying 
silica slide.  Yet, the variable angle analysis does not appear to show this. 
 The initial conclusion drawn was the most obvious and most simple, that the 
silane/polymer layers were not nanometers thick but micrometers thick.  Since the 
equipment to adequately investigate this was unavailable, no further work was done.  
However, the results of subsequent carbonyl analysis and literature searches has resulted 
in a much more plausible explanation.  Changing the incident angle of the beam was not 
showing a variable depth analysis, but rather a variable orientation analysis.  The manner 
in which the polymer chains and coordinated carbonyl compounds align on the composite 
has a substantial effect on the amount of energy absorbed.  If an incident beam of 45° 
strikes a polymer chain aligned at 45°, then very little absorbance will occur, as the beam 
cannot interact with the connected molecules.  If the incident angle is changed even a 
small amount, the result may well be striking, especially for those molecules that absorb 
strongly.   
 What the graphs seem to be showing is that on the slides at least, the polymers 
align preferentially.  This is supported by the mixed silane results, which also appear to 
show preferential alignment.  The level of interaction with the incident beam is dependant 
on that alignment.  If the proper equipment can be obtained, this may well be a profitable 
avenue of investigation, since it may be possible to determine changes in surface 
alignment upon loading or the addition of further ligand groups.  Given these finding, a 
more comprehensive variable angle analysis would be worthwhile.   
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CHAPTER 4: STRUCTURAL ANALYSIS OF COMPOSITES LOADED WITH 
CARBONYL COMPOUNDS 
4.1 Introduction 
 Having developed suitable FTIR procedures for both slides and powders, obtained 
a substantial number of IR spectra for the composites and examined several side issues 
that arose during the course of the investigation, the main component of the project could 
now be addressed.  While laboratory based experiments can provide loading, stripping 
and longevity numbers required for new product and commercial development, they fail 
to provide any knowledge of the fundamental structures involved when metals are 
attached to the composites.  Computer modeling was done by Mark Hughes to provide an 
idea of the structure of some the composites, showing them to be complex and far from 
linear.  The next phase was to supplement this physical view of the composites with a 
logical view of how compounds were attaching to the functional units. 
 To accomplish this, metal carbonyl compounds of known shape and symmetry 
were loaded on various composites.  The well known symmetry, the strong absorbance of 
the CO peaks and the fact that they are in a region of the IR spectra where few competing 
structures exist make carbonyl loading of the composites ideal for such analysis.  There is 
a large body of work on metal carbonyl IR analysis, due in large part to their usefulness 
as catalysts.  Three compounds were chosen for this analysis.  W(CO)6 was chosen as a 
control compound, since labile ligands are needed to coordinate to the composites, and 
the CO is not labile in this W(CO)6.  Mo(CO)3(C2H5CN)3 was chosen since the C2H5CN 
ligands are labile.  Ru(TFA)3(CO)3 (shown in Figure 6) was chosen as the primary 
complex since the TFA is labile. 
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Figure 6: Ru(TFA)3(CO)3  compound 
 
The most important aspect of Ru(TFA)3(CO)3 however is in the research groups 
familiarity with it.  Dr. Rosenberg has worked with the compound for a number of years 
with recent work in ruthenium based fluorescent probes such as that shown in Figure 7.  
This figure is also a good illustration of the way in which experimental solid state 
structures are done by the group.156 
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 In addition, Ayesha Sharmin of the research group has considerable experience 
and expertise in synthesizing the compound as well as synthesizing bio-conjugable 
complexes using the compound.  Figure 8 shows such a scheme for the carbonyl 
compound, taken from one of Ayesha’s presentations to the research group.  This work 
has also resulted in FTIR analysis of the compounds, an additional area with which the 
group has experience. 
 
Figure 8: Synthesis of Ru(TFA)3(CO)3   
 
The FTIR analysis is based on several things.  The most basic issue is the shape of 
the resulting peaks themselves.  The peaks in IR spectroscopy are broken down into three 
categories,113 energy (represented by the frequency of the incident radiation and 
subsequent absorption), the polar characteristics of the sample (represented by the 
intensity of the peak) and the local environment of the bonds (represented by the band 
shape).  While important, these are not the main evaluation criteria for this project so 
much as the number of peaks present, which are dictated by the physical structure, 
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number of attachments and symmetry of the compound formed at the end of the polymer 
when the functional unit attaches the carbonyl molecule. 
 Surface orientation is critical for a simple reason.  The incident wave must be able 
to interact with the bond between atoms.  The incident wave is at 45° and the bond is 
aligned at the same angle, then interaction is minimal or even non-existent.  This is a 
simple explanation for a simple situation, but the composites are definitely not simple 
structures.  Several comparable structures were found in the literature to provide a view 
of how complex this issue is.  Starting small, in a study of triphenylamine monomers, it 
was found that the center nitrogen atom and the three “blades” attached to it moved from 
D3 symmetry to a lower C3v symmetry based on the pitch of “blades” as the complex 
distorts, depending on the local environment, to move from high energy states to low 
energy states.151  This change in symmetry driven by the entropy is further complicated 
by the fact that symmetry in a crystal field will be lower than symmetry in a free 
molecule and so some inactive vibrations may become active as the symmetry changes, 
making for more peaks in the spectra.  This is especially true of amorphous, or even 
partially amorphous, polymers, because the transition to a crystalline structure (driven by 
the underlying substrate) will be substantial.113  This may well be a critical issue with the 
composites, especially the linear ones, since the movement through differing pH and 
pressure environments could easily distort the symmetry via the same pathways.  In a 
study of b-carotene, which has a structure resembling barbells, it was demonstrated that 
reduced ring torsion effects at the end determine the stability of the particular isomer 
formed (cis versus trans).  The polymers may well behave in a like manner, most 
especially after the large carbonyl species are added, as opposed to the much smaller 
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straight metal species.  This in itself may tell a great deal about the energy states of the 
loaded composites.  In the b-carotene studies, for instance, the cis isomer showed the 
strongest absorbance at the C–H stretching region (3051 cm-1), while the trans isomer 
was strongest for the C=C stretch at 1550. Again, this difference is attributed to the 
orientation presented to the incident wave as the center line and end rings of the barbell 
twist.168  
  The difference between sheet and island formations is also important.  Remember 
that silanes tend to adopt one of these two attachment methods based on the amount of 
water available and whether it is on the surface or in the silane solution.  In studies of 
silk, for instance, a sheet formation of amide III resulted in peaks occurring at 1263 cm-1, 
while a random coil configuration occurred at 1230 cm-1, with the relative percentage of 
the attachments then decipherable by ratio analysis of the two peaks. 172   
 The crystal plane presented for attachment is also important.  Even from a basic 
viewpoint this has been proven in this project, when the quartz slides were used instead 
of glass slides.   Quartz slides will not silanize, something attributed to the uniform shear 
plane of quartz that is lacking in glass slides.  Substantial work must be done to etch the 
quartz slides in order to present a variety of crystal planes to the silanol species.  If the 
attached polymers “lean” due to the preferred face not being parallel to the surface, 
additional conformational strain will also result.  Surface orientation also causes 
substantial peak shifting as well.  In a study of CO adsorbed on various faces of 
crystalline copper surfaces, it was found that the peak position decreased by 73 cm-1 for 
111, 56 cm-1 for 110 and 49 cm-1 for 100.54   Not trying to overstate the issue, but this is 
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again attributable to the quality of interaction between the incident wave and the bond 
itself. 
 It gets even more complicated as the structure gets more complex and multiple 
symmetries usually occur based on the percent of substitution.  In a study of vanadate 
substitution into various solid solutions, there was a dominant distortion of Td to C3v and a 
smaller one corresponding to C3v to Cs,25 with the smaller distortion as the percent 
substitution increased.  Computer modeling of that structure, by the way, showed 282 
normal vibration modes that were either Raman or IR active. 
 There are three general ways symmetry can differ from the ideal: first, the solid-
state site symmetry of a complex can be lower due to less than ideal crystallization, 
arrangement; second, peripheral and usually non-chemically bonded parts of the complex 
may distort the symmetry;  and lastly, but very importantly, the complex may be both 
chemically and physically altered in complexing (reducing, oxidizing, repacking or 
sterically accommodating different configurations).9  The first two do not normally alter 
the vibrational issues all that much, but the last does.  For instance, water adsorption 
around an NH4 cation does not change the symmetry, only moves the peak to a higher 
wavenumber.  It is only when a different crystal field contacts the NH4 tetrahedron that 
the tetrahedron loses its Td symmetry, going to C2v.143  
 There are a number of other issues that can be directly related to IR spectra.   
• The ratio of symmetric and asymmetric peak heights tends to stay 
constant, no matter the amount of metal adsorbed.80   
• The more crystalline a material, the sharper the resulting peaks.  Peaks 
will then broaden (larger compounds are introduced into the structure and 
lattice distortion reduces crystallinity) and concurrently shift to lower 
wavenumbers (less energy absorbed).25  
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• Bridging versus end-on bonds have a major impact on peak position.  In 
the case of carbonyl compounds, bridge-bonded CO peaks are in the 1800-
1700 cm-1 range, while linear bonding CO is in the 2100-2000 cm-1 range. 
• The nature of bonding itself.  Linear Pt–CO bonding, for instance, can 
exhibit peaks as low as 1957 cm-1 due to carbon transferring electron 
density to the metal, then the metal back-donating electrons to the 
antibonding 2π* orbitals of the coordinated CO molecules.170  This is 
actually a common occurrence in catalyst analysis, but is only peripherally 
involved in our carbonyl studies.  However, since catalysts are a future 
planned use for the composites, this may be important down the line.     
• Geometry of the structure.  Depending on the structure involved, it may 
not be possible to differentiate actual atomic placement.  In a study of  fac-
[MnX(CO)3- (L–L)] (L–L = diselenoether ligand), there was no way to 
tell whether the structure was mer or fac simply from the IR spectra, as 
both configurations involved similar symmetry and thus would produce 
similar peak structures.42  X-Ray crystallography was required for that 
determination.   
 
 Having said all that, and hopefully laid the groundwork for the types of structural 
analysis that are possible using FTIR, the next item was to examine the spectra 
themselves. 
 
4.2 Carbonyl loading 
4.2.1 Experimental procedure 
 The initial work involved determining if carbonyl compounds could be loaded on 
slides.  Previously, Ru(TFA)3(CO)3 was made by Ayesha Sharmin, one of the group 
members, and loaded on WP-1 with good results.  This is an octahedral compound with 
the carbonyls in the fac positions.  Figure 6 shows the compound. 
 Graph 31 shows the carbonyl region for Ru(TFA)3(CO)3, with spectra from both 
transmission and HATR from the diamond cell.  The two spectra are not exactly the same 
but show very similar patterns.  Keep in mind that all spectra shown subsequently were 
dehydrated.  
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Graph 31: Two FTIR spectra of Ru(TFA)3(CO)3 compound 
  
 Possible peaks as identified in literature:   
• 1931=linearly bonded CO  
• 1957-1961= linearly bonded CO  
• 2038-2042=linearly bonded CO  
• 2077-2080= linearly bonded CO  
• 2105=terminal CO 
• 2150= monocarbonyl species  
 
 A number of loading regimens were attempted for the slides using different 
solvents, times in solution, temperatures and mixing.  The final procedure for loading the 
three carbonyl compounds used was as follows: 
• Dry the polymer grafted slides in an oven at 120° C for at least one hour.   
• Mix the carbonyl with methanol (~1 g/l). 
• Transfer the hot slide into the solution for 24 hours at 40°C. 
• Mix the solution and allow to cool to room temperature. 
• Mix the solution and allow the slide to remaining the room temperature 
solution for 3 days. 
• Remove the slide and wash twice with methanol and once with DI water. 
• Dehydrate the slide at 105° C for at least one hour.   
• Transfer to a P2O5 desiccator if unable to process immediately. 
• Keep the slides in a desiccator during transport and while processing in the 
FTIR.  Depending on the relative humidity of the building, the slides will 
absorb water and alter the resulting spectrum within a matter of minutes if 
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The Ru(TFA)3(CO)3  required elevated temperatures and increased time to load 
consistently.  Room temperature loading was acceptable in some cases, but not all.  The 
PAA loaded most consistently at room temperature, the PEI loaded routinely and the 
PVA loaded only occasionally.   An elevated temperature and increased times regimen 
was thus used for the slides  to maximize loading.    The composite gels required no 
enhanced regimen, loading consistently at room temperature.  Higher temperature loading 
regimens were tested for the composite gels but provided only minor enhancement, so 
they were not used.  
4.2.2 Results  
Graphs 32 and 33 illustrate successful loading of Ru(TFA)3(CO)3  on both the 
analogue slides and the composite gels.   Again, only two graphs are displayed to limit 
the size of the dissertation.  The peaks and associated structures will be discussed in a 
later section, but for now, notice the carbonyl peaks in both spectra.   
Graph 32 shows the Ru(TFA)3(CO)3  loaded on a PEI slide (WP-1 analogue).  In 
this case, the Ru(TFA)3(CO)3 spectrum has been expanded to better show the associated 
peaks in the 1900 cm-1 range.  Notice the substantial mixed peak in the slide spectrum and 
the shifting from the Ru(TFA)3(CO)3 spectrum. 
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Graph 32: Ru(TFA)3(CO)3 on a PEI slide 
 
 Graph 33 shows the Ru(TFA)3(CO)3  loaded on WP-1 composite gel.  The 
Ru(TFA)3(CO)3 compound spectrum has been expanded in this case to better show depth 
comparison.  In this case, when the compound is loaded on the gel, a single peak is seen 
and it is shifted the opposite of the compound loaded on the slide.  This is a clear 
indication that coordination differs between slide and composite, but it is also a clear 
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 Following successful loading of the Ru(TFA)3(CO)3 compound, a purchased 
carbonyl compound (Mo(CO)3(C2H5CN)3 ) was loaded as well.  Graph 34 shows the 
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Graph 34: transmission spectra of Mo(CO)3(C2H5CN)3 
 
 Possible peaks as identified in literature:   
• 2023= linearly bonded CO  
• 1906= linearly bonded CO  
• 1874= bridge bonded CO 
• 1830= bridge bonded CO 
• 1805= bridge bonded CO 
• 1777= bridge bonded CO 
 
 As with the Ruthenium compound, a number of different regimens were run for 
the Mo(CO)3(C2H5CN)3.  The results, while not identical, showed the same enhanced 
regimen was required for this compound as well. 
 Again, only one slide is presented to show that successful loading of the carbonyl 
compound occurred.  Graph 35 shows the Mo(CO)3(C2H5CN)3  loaded on a PAA slide 
(BP-1) analogue for the three different loading regimens investigated (room temperature 
loading, elevated temperature loading and elevated temperature followed by room 
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Graph 35: CO region for Mo(CO)3(C2H5CN)3  loaded on PEI slide 
 
 Following successful loading of the Ru(TFA)3(CO)3 and the Mo(CO)3(C2H5CN)3 
compounds, a W(CO)6 compound was loaded as a control.  Since a labile ligand is 
needed for the carbonyl to attach to the composite, this compound should not load.  
Multiple regimens were again tried for this compound, but in this case, only the 40° C 
one-day loading followed by the 5 day room temperature load is included.   
RT loaded PAA slide 
40° C loaded PAA 
 40° C followed by 
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 Graph 36 shows W(CO)6 loading attempts on the three polymerized slides.  
Virtually no carbonyl loading occurred.  There is some evidence of minor peaks, but this 
can be viewed as the amount of mechanical entanglement to be expected on the 
composites.   
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4.3  Structural analysis 
 One the FTIR spectra showed carbonyls would load on both the composite slides 
and gels, structural analysis was begun.  The peak structures to be analyzed will descend 
from the original structures of the carbonyls.  Both the carbonyls are octahedral in 
geometry with C3v symmetry, but probably distorted as the non-CO components are 
considerably larger than the CO components.   
 As shown in Graph 31, there are five main peaks in the Ru(TFA)3(CO)3  
compound.   
• 1931  
• 1957-1961(with shoulder @ ~1970) 
• 2038-2042 (with shoulder @ ~2020) 
• 2077-2080  
• 2105 
• 2150  
 
The Ru(TFA)3(CO)3  compound has seven atoms and thus has 15 ((3*7)-6) vibrational 
modes, with six being stretching modes.  C3v symmetry should show just the A1 and E 
structures, as per the character tables.  However, at least three additional peaks are also 
seen in the spectra, two shoulders and at least one minor peak at 2005 cm-1.  This is a 
clear indication that the Ru(TFA)3(CO)3 symmetry has been lowered from the C3v 
symmetry expected of a octahedral-fac geometry.149   
 As shown previously in Graph 34, the Mo(CO)3(C2H5CN)3 shows just the A1 and 
E structures of C3v symmetry, but it also shows additional complexity in the region.  This 
is attributed to the fact that it was shipped to us contaminated, and some part of the 
contamination probably induced bridging in the compound. 
 Evaluating the spectra resulting from the loaded slides and gels is relatively 
straightforward, employing methods commonly used in a number of literature sources.  
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The first and simplest of the evaluation techniques is whether the CO bonds are linear or 
bridged.  That is determined by the position of the peaks, as explained previously.   
 The next technique is determined by band splitting as the symmetry degrades.  
When the C3v structure attaches to the composite, the symmetry should be lowered.  This 
lowering will determine the number of peaks and their relative position.  A good 
explanation of this type of analysis is contained in a study of sulfate.138 Sulfate is a 
tetrahedral molecule (point group Td) with two normal modes, a nondegenerate v1 stretch 
and a triply degenerate v3 band.  Only one peak is active in the IR for the base molecule, 
the v3, a broad peak at 1100 cm-1.  In a monodentate bond formation, the symmetry is 
lowered to C3v so the v1 becomes active and the v3 splits into at least two components.  
The v3 will split to either side of the center point of the original peak position.  In a 
bidentate bond formation, the symmetry lowers to C2v where all three v3 bands are active 
as is the v1 band.  The v3 bands are generally combined into a very broad peak with 
shoulders, while the v1 shifts to a lower wavenumber (less energy required).   
 This technique does require additional manipulation to determine shoulder 
structure and peak position.  First and second order peak derivative as well as peak 
deconvolution routines will identify shoulders.  All three of these routines are available in 
the software used to operate the Nicolet 670.  The first derivative is used to identify 
whether shoulders exist, with the second derivative used to identify the wavenumbers of 
the shoulders.  Deconvolution is used to enhance broad bands with weak structures.  In 
essence, a spectrum is a product (convolution) of two parts of the raw data interferogram, 
a Gaussian (cosine) function and a Lorentzian (exponential) function.  To enhance 
resolution by deconvolution, the spectrum must first be adjusted for both a water 
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correction and a baseline correction.  An inverse Fourier transform of the spectrum is 
done and that divided by the Lorentz function portion of the interferogram, with the result 
transformed again into a spectrum.  One alternative method available on the software is 
Kramers-Kronig conversion.  This routine is preferable where there is a strong specular 
component to the spectrum.  If that is the case, then the peaks do not exhibit a strong 
Gaussian/Lorentzian component and Kramers-Kronig is used to deal with the resulting 
derivative-shaped peaks.  This type of deconvolution would not be necessary in slide 
analysis because specular issues generally arise from reflection and refraction of the wave 
within a powder sample.  Usually, second derivatives of the peaks are done and then 
compared with deconvolution to gain a more comprehensive view of the contributors to 
band shape, because peak shapes may not be balanced combinations of Lorentzian band 
shapes and Gaussian band shapes. 
 Although it is hard to evaluate using these carbonyl compounds, CO peak position 
is also strongly dependant on the back donation phenomenon.  The position is sensitive18 
to number of things, with the following contributing to this analysis: 
• The number of metal atoms: the higher the number of metal atoms 
involved in site complexation, the greater the back-donation (this is why 
bridged species are seen at lower wavenumbers than terminal species).   
• The actual coordination site of the metal atom (planes, edges and corners).  
As with the above, the wavenumber decreases with more exclusive siting 
(planes>edges>corners) because the number of possible coordinating 
atoms increases in that manner as well. 
• The more reduced (the less oxidized) the metal is, the greater the 
backdonation and thus the lower the v(CO) peak. 
 
 
4.4  Analysis of carbonyl structures 
 The final phase of the project was to characterize the loaded structure of various 
composite resins, and the FTIR spectra are shown and evaluated in the following 
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sections.  The first two sections show two composite gels (WP-1 and BP-1) examined 
using transmission analysis along with two slide analogues (PEI which is the WP-1 
analogue and PAA which is the BP-1 analogue) examined using ATR analysis.  
Following those sections, only composite gels are analyzed using transmission spectra 
and are not compared to slides as no procedures were in place to make those slide 
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4.4.1  WP-1 (polyethyleneimine on slides and silica gel) 
 The slide structure of Ru(TFA)3CO3 on WP-1 shown in Graph 37b is essentially 
the same as the Ru(TFA)3CO3  itself.  This indicates that the carbonyl is coordinating to 
the slide exclusively via TFA attachment and then displaying allotropes.  The peak at 
1950 cm-1 is gone on the slide analogue (the multiple repeating peaks are a hallmark of 
the slides and result from combinations of other peaks).  The two peaks around 2040 cm-1 
that form a combined structure have split apart, indicating that the two forms producing 
this peak (a C3v construct and one with lesser symmetry) have sufficiently differentiated.  
I assume the C3v structure showing is the result of unreacted complex, possibly 
mechanically entangled on the composite.   
The structure on the gels is of an entirely different nature as shown in 37c.  The 
single peak is in the 1950 cm-1 position (the original A1 peak), and represents a single Ru-
CO bond, with the other CO’s having been displaced to form bonds with the composite.   
The single peak with a broad base but narrow point indicates that the structure of 
Ru(TFA)3CO3  loaded on the composites exhibits two forms.  The first is shown in Figure 
9a is of a tridentate coordination with one TFA and CO ligand remaining.  The second 
forming Figure 9b is a quadradentate attachment with a single CO ligand remaining.   
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Graph 37c: Ru(TFA)3CO3  loaded on WP-1 gel. 
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Figure 9a: Ru(TFA)3CO3  loaded on WP-1 composite gel (form 1) 
 
 
Figure 9b: Ru(TFA)3CO3  loaded on WP-1 composite gel (form 1) 
 
  
 The Mo(CO)3(C2H5CN)3 analysis is considerably more complex than the 
Ru(TFA)3(CO)3 analysis.  In most of the composite gel compounds, the 
Mo(CO)3(C2H5CN)3 appeared to coordinate all the CO, leaving no carbonyl peaks in the 
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these are minimal at best.  Since the Mo(CO)3(C2H5CN)3 did not show good quality 
carbonyl features in the spectra, no further tests were done.  However, the tests did result 
in some valid conclusions, so rather than eliminate the Mo(CO)3(C2H5CN)3 analysis 
entirely, one example is included to illustrate two different points.  To illustrate the 
analysis procedure used for the IR spectra analysis, the Mo(CO)3(C2H5CN)3 on PEI is 
used since the Ru(TFA)3(CO)3 analysis is relatively straightforward.  So, rather than 
repeat analyses on all the composites in this dissertation, this section will show the 
procedure I used for derivative and deconvolution analysis of the composites using 
Mo(CO)3(C2H5CN)3 on PEI.  Keep in mind this type of analysis was performed on all the 
major spectra.  An important point must be made: the graphs of deconvolution and 
derivative analysis graphs are in absorbance units, NOT transmission units.  The software 
requires spectra be in absorbance units to do the required manipulations.  The 
deconvolution and derivative spectra are dimensionless and cannot then be “flipped” into 
transmission units.  The spectra are thus displayed in absorbance units since to do 
otherwise would misalign the peaks between spectra and deconvolution and derivative 
analysis.  So, for the deconvolution and derivative analysis shown in Graphs 39a, 39b and 
39c, look for the peaks to be pointed upward, not pointed downward as the rest of the 
graphs in the dissertation show. 
 All the peaks remain on the Mo(CO)3(C2H5CN)3 loaded WP-1 gel shown in 
Graph 38c, at least in part, with the double peaks of the terminal CO’s at 1991 cm-1 and 
2018 cm-1 indicating two compounds.  The Mo(CO)3(C2H5CN)3 loaded slide shown in 
38b displays a much more complex structure.  This may be due to the “bad” moly 
complex originally purchased.  The complex also sat for some time between the slides 
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and the gel.  It may also be due to the two dimensional versus three dimensional nature of 
the gels and slides, in that the compound can access the inner sites of composite gels and 
coordinate to neighboring polymer strands, but cannot do that on the slides, being forced 
to coordinate to single polymer strands instead of multiple strands.   
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Graph 38c: Mo(CO)3(C2H5CN)3 compound on WP-1 gel 
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 To break down the large peaks found in the spectra, such as the one shown in 
Graph 38c, derivative and deconvolution analysis was done.  The first step is to list the 
possible peak assignments (15 here) in the area for the compounds.  As a note, all the 
peak assignments given in this dissertation are catalogued and referenced in Appendix B.  
The possible peaks for Mo(CO)3(C2H5CN)3 loaded on PEI slide or gel are listed below. 
 The next step is shoulder analysis using the first derivative of the spectra, shown 
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Graph 39a: Spectra and first derivative of Mo(CO)3(C2H5CN)3 loaded WP-1 gel 
 
 The gel spectrum shows two broad peaks (this is the same as 38c but the peak 
now points up at 1877 cm-1, not down).  The first derivative of the peak shows a shoulder 
breakdown of the structure and Graph 39a shows the possible shoulder positions.  There 
are three major possibilities and a number of smaller possibilities, so a second derivative 
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Graph 39b: Spectra and second derivative of Mo(CO)3(C2H5CN)3 loaded WP-1 gel 
 
 The three major possibilities in Graph 39a are legitimate strong peak positions, as 
revealed in Graph 39b.  Additional strong peak positions can be seenon the right side of 
the graph, as well as minor positions that contribute to the peak broadening.  
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Graph 39c: Spectra and deconvolution of Mo(CO)3(C2H5CN)3 loaded WP-1 gel 
 
 The deconvolution analysis provides a better view than the second derivative 
analysis in that it shows shoulder structure peak positions that are in the first derivative 
but are subsequently a bit confused in the second derivative.  Graph 39c shows the same 
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peaks evident in the first derivative as well.  The large list of possible peaks can then be 
reduced, with the most probable peaks being the following: 
• 2020= Carbonyl  
• 1990= Carbonyl  
• 1918= CO 
• 1890= Overtone structure vibration of SiO2 lattice 
• 1880= Overtone structure vibration of SiO2 lattice 
• 1870= Overtone structure vibration of SiO2 lattice 
• 1845= CO 
• 1790= CO 
• 1772= unknown 
 
 The 2020 cm-1 and 1990 cm-1 peaks are seen on the slides, which show these 
peaks at 2004 cm-1 and 1980 cm-1.  This probably is an indication that the 
Mo(CO)3(C2H5CN)3 is coordinating a single CO and then displaying two forms, as the 
analysis does show the possibility of multiple peaks within the broad peak spectrum.   
  No slides were prepared of the secondary series of composites, only of the 
primary composites, since no DRIFT unit was available.  The Mo(CO)3(C2H5CN)3 
loaded on the gels over a period of several days, but did not display any spectral features 
as shown in Graph 40.  The composites did load, as evidenced by the change in color of 
the composites, which turned a uniform brown color from the various original colors of 
the composites.  CuWRAM, for instance, is a beige color, WP-4 is orange, and several 
other composites are an off-white color.  Ru(TFA)3CO3 loaded different colors: yellow 
on BPED, BP DTPA and WP-2; brownish orange on CuWRAM; beige on BPAP; and, 
very dark brown on  WOP-4.  Based on the spectra shown in Graph 40, the composite 
gels load the Mo(CO)3(C2H5CN)3 by displacing all three of the terminal CO’s.   



































Graph 40: Mo(CO)3(C2H5CN)3 on composite gels 
 
 The remaining analysis then concerns only Ru(TFA)3CO3 loaded only on 
composite gels.  As in the following sections, spectra of the Ru(TFA)3CO3 loaded 
composite gels are shown first, then a discussion of what the spectra indicate, followed 
by a drawing of the structures themselves.  All the following spectra are uncorrected 
transmission analysis.   
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4.4.2  BP-1 (polyallylamine on silica gel) 
 The slide structure of Graph 41b is essentially the same as the Ru(TFA)3CO3  
itself as well, indicating that the carbonyl is attaching to the slide exclusively via TFA 
attachment then displaying allotropes.  The peak at 1950 cm-1 is once more gone on the 
slides.  The two peaks around 2040 cm-1 that form a combined structure have split apart, 
indicating that just as with WP-1, the two forms producing this peak have sufficiently 
differentiated.  Again, just as with WP-1, the C3v structure showing is non-reacted and 
probably mechanically entangled, not chemisorbed to the composite.  This would indicate 
that the non-linear form of the PEI construct on the slides adopts a complex orientation 
such that the Ru(TFA)3CO3 can coordinate only to the outer surface, thus presenting a 
new outer surface of perhaps Ru(TFA)2CO3 with the replaced TFA being the single 
coordination point to PEI on the slide.  For PAA on the slides, the more linear 
(corkscrew) form of the PAA presents a less complex structure, allowing Ru(TFA)3CO3 
to coordinate in both a single and multi-dentate form so that Ru(TFA)2CO3 and 
Ru(TFA)CO3 are present at the surface and thus the difference between Graph 37b and 
41b.  Part of the problem with PEI being less accessible may also be due to that polymer 
being much more prone to polymerizing on the slides than PAA.  The PAA was by far 
the most difficult to actually attach to the slide, and these spectra may be a result of there 
simply being much more PEI than PAA on the slides, and thus the PEI can form a more 
effective block to the inner sites on the slides.   
 The BP-1 structure on the gels shown in Graph 41c is much closer to the slides 
than WP-1 slide analogues and gel.  Figures 10a and 10b show the structures of the two 
attached forms.  The three main peaks and one shoulder ~2070 cm-1 are indicative of the 
two different coordinated configurations (cis and trans), unlike the WP-1 which shows 
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the single peak.  The double peak at 2020-2040 cm-1 has split into a peak at 1992 and 
2038 cm-1.  Two of the peaks then are shifted, the 2020 cm-1 to 1992 cm-1 and the 1965 
cm-1 to 1955 cm-1, while the 2040 cm-1 peak has remained in place.  Band shifting to 
lower frequency is expected for amine coordination.  This would indicate the 2040 peak 
is a symmetric stretch both in the Ru(TFA)3CO3 and in the trans-configuration of the BP-
1 coordinated carbonyl complex.   
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Graph 41b: Ru(TFA)3CO3 loaded on PAA slide (BP-1 analogue) 
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Graph 41c: Ru(TFA)3CO3 loaded on BP-1 
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Figure 10a: Ru(TFA)3CO3  loaded on BP-1 composite gel (form 1) 
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4.4.3  WP-2 (chloroacetic acid on WP-1, base regenerated) 
 The spectra of Ru(TFA)3CO3 on WP-2 is shown in Graph 42b.  Both a bidentate 
and a quadradentate attachment to WP-2 is in evidence.  The quadradentate form (shown 
in Figure 11a as form 1) would produce the single large peak that is part of the broad 
peak structure around 1975 cm-1.  Deconvolution and derivative analysis shows this peak 
at 1980 cm-1.  There is a much smaller peak in the broad combination at 1935 cm-1, which 
includes peaks at 2136 cm-1, 2069 cm-1, 2042 cm-1, and 2001 cm-1.  These peaks result 
from the bidentate form (shown in Figure 11b as form 2).  
 Oven drying of the loaded WP-2 was done to try and better differentiate the 
peaks, with the results shown in Graph 42c for a 3-day and 14-day drying period in an 
80°C oven.  The peak structure splits into one dominant peak and two less dominant 
peaks.  This indicates that the bidentate form 2 has two allotropes, one with the CO in the 
cis position, and one in the trans position, as shown in Figure 10b and 10c.  All of the 
peaks are shifted lower frequencies.  This is due not only to amine coordination, but also 
to poorer back donation from the coordinated oxygen of the chloroacetic acid.   
 All the peaks are sharp and well defined, indicative of good crystalline structure.  
This would indicate that the Ru(TFA)3CO3 is attaching as shown in the figures to a single 
polymer strand, and not crosslinking to other strands.   
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Graph 42c: Oven dried (80° C) Ru(TFA)3CO3 on WP-2 
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Figure 11a: Ru(TFA)3CO3 loaded on WP-2, form 1 
 
 
Figure 11b: Ru(TFA)3CO3  loaded on WP-2, form 2 
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4.4.4  WP-4 (8-hydroxyquinoline on WP-1) 
Two forms are evident in Graph 43b.  The Ru(TFA)3CO3  is exhibiting two forms 
of a bidentate attachment, displacing one CO and one TFA unit.  The two remaining COs 
then occupy the cis positions in one form, and the trans positions in the other.  These are 
shown in Figures 12a and 12b.  Deconvolution and derivative analysis show only the two 
peaks in the spectra.  Notice the frequency shifts in these spectra.  They are midway 
between the amine shifts, such as those seen in BP-1 and the amine/acetate shift seen in 
WP-2.  As would be expected, the oxygen and nitrogen of the ring structure of the 8-
hydroxyquinoline is a better back donator than the oxygen and nitrogen of the 
amine/acetate, but not as good as amines. In addition, these peaks are sharp and well 
defined, indicating the attachments are to a single polymer strand with no crosslinking to 
other strands. 
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Graph 43b: Ru(TFA)3CO3 on WP-4 
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Figure 12a: Ru(TFA)3CO3  loaded on WP-4, form 1 
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4.4.5  BP-1 NTA (nitrilotriacetate on BP-1) 
 The spectra of Ru(TFA)3CO3 on BP-1 NTA shown in Graph 44b is similar to that 
of the Ru(TFA)3CO3 on BP-1 DTPA shown in Graph 45c and BPED, shown in Graph 
46c.  The peaks remain an equal distance apart as those in the spectra of Ru(TFA)3CO3 
itself, as indicated by the deconvolution and derivative analysis.  This indicates an almost 
equal amount of mono-carbonyls (Figure 13a) and di-carbonyls (Figures 13b and 13c) are 
being coordinating, with the di-carbonyls exhibiting two forms.  Two of the attachments 
are tridentate and one bidentate.  The peaks are sharp and well defined, again indicating 
no crosslinking.   
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Graph 44b: Ru(TFA)3CO3 on BP-1 NTA 
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Figure 13a: Ru(TFA)3CO3  loaded on BP-1 NTA (form 1) 
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4.4.6  BP-1 DTPA (Diethylene triamine pentaacetic acid on BP-1) 
 The spectra of Ru(TFA)3CO3 on BP-1 NDTPA shown in Graph 45b is less clear.  
Deconvolution and derivative analysis show a single large peak at 1987 cm-1 with two 
sharp secondary peaks at 2073 cm-1 and 2042 cm-1 as well as some missed smaller peaks 
at 1967 cm-1 and 1942 cm-1.  This is a situation much like WP-2, where the drying 
regimen shown in Graph 45c reveals the single dominant center peak and the two less 
dominant side peaks.  Three forms are present then, the center peak being a tridentate 
coordination shown in Figure 14a with a mono-carbonyl, and the cis and trans forms of 
the tridentate attachment but with di-carbonyls shown in Figure 14b and Figure 14c. 
Again, the sharp peaks structures indicate the carbonyls are attaching to single 
polymer strands with little bridging between strands. 
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Graph 45c: Oven dried (80° C) Ru(TFA)3CO3 on BP-1 DTPA 
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Figure 14a: Ru(TFA)3CO3  loaded on BP-1 DTPA, form 1 
 
Figure 14b: Ru(TFA)3CO3  loaded on BP-1 DTPA, form 2 
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4.4.7  BPED (ethylenediaminetetraacetate on BP-1) 
 The spectra of Ru(TFA)3CO3 on BPED shown in Graph 46b is the same situation 
as Ru(TFA)3CO3 loaded on BP-1 NDTPA as WP-2 and BP-1 NDTPA.  The two side 
peaks are well resolved after time at temperature, giving the two di-carbonyl forms 
shown in Figures 15b and 15c.  The main center peak is a single terminal CO, with all 
five other positions of the compound coordinated as shown in Figure 15a.  
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Graph 46c: Oven dried (3 days @ 80° C) Ru(TFA)3CO3 on BPED 
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Figure 15a: Ru(TFA)3CO3  loaded on BPED (form 1) 
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4.4.8  BPAP (phosphonic acid on BP-1) 
 The spectra of Ru(TFA)3CO3 on BPAP shown in Graph 47b is relatively simple, 
showing two main peaks, one from a cis configuration and one from a trans configuration 
shown in Figures 16a and 16b.  Notice the position of the peaks in comparison to the WP-
2, BP-1 NDTPA and BPED spectra.  All are widely spaced, and although not exactly in 
line, they only shifted somewhat, one from the others.  This is validation for the 
configuration, in that the two allotropes are giving consistent spectra across several 
composite gels.   
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Figure 16a: Ru(TFA)3CO3  loaded on BPAP, form 1 
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4.4.9  CuWRAM (picolyl chloride on BP-1) 
 The spectra of Ru(TFA)3CO3 on CuWRAM shown in Graph 48b is a repeat of the 
WP-2, BP-1 NDTPA and BPED sets.  As shown in Graph 48c, after time at temperature, 
the center and side peaks come clear, even though they are not as well distinguished as 
some of the other composites.  The three configurations are shown in Figures 17a, 17b 
and 17c, all being bidentate attachments.  As with all the composites, shifts are evident, 
as shown in Table 13. 
BP1 (amine)  WP2 (am/acet) 
Carbonyl 
Gel 
coordinated Shift  Carbonyl Gel coordinated Shift
2040 2040 0  2080 2070 10 
2020 1992 28  2020 2000 20 
1965 1955 10  1965 1945 20 
       
BP1 NTA (am/acet)  WP4 (8-hyd) 
Carbonyl 
Gel 
coordinated Shift  Carbonyl Gel coordinated Shift
2080 2070 10  2080 2064 16 
2040 2040 0  2020 1993 27 
2020 1992 28     
1965 1955 10     
       
BP1 DTPA (am/acet)  CuWram (am/nit) 
Carbonyl 
Gel 
coordinated Shift  Carbonyl Gel coordinated Shift
2080 2064 16  2080 2075 5 
2020 1998 22  2020 2005 15 
1965 1945 20  1965 1965 0 
       
BPED (am/acet)  BPAP (phos) 
Carbonyl 
Gel 
coordinated Shift  Carbonyl Gel coordinated Shift
2080 2070 10  2080 2065 15 
2020 1990 30  2020 1990 30 
1965 1945 20  1965 1935 30 
Table 13: Frequency shifts of selected carbonyl coordination 
 
 The shifts are very consistent.  The 2020 cm-1 peak shifts from 15-30 cm-1, but 
with five of the composites showing shifts of 28 or 30 cm-1.  This is a clear indication that 
the coordination and vibration of this symmetric component is virtually identical across 
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the composites.  For the most part, the 1965 cm-1 peak shift shows one of two amounts, 
either 10 cm-1 or 20 cm-1.  This indicates a dual shift, in line with the cis and trans 
configurations taken by the coordinated carbonyl complex.  The BPAP shows a 30 cm-1 
shift, indicative of the phosphonic acid ligand involvement and lack of nitrogen 
coordination.  The 2080 cm-1 peak shift also shows that dual shifting.  The 1965 cm-1 
peak shifting shows several amounts.  This would indicate that this shift is a “fingerprint” 
shift that is affected by the structure itself rather than a coordination attachment.  
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Graph 48c: Oven dried (3 days @ 80° C) Ru(TFA)3CO3 on CuWRAM 
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Figure 17a: Ru(TFA)3CO3  loaded onCu WRAM, form 1 
 
 
Figure 17b: Ru(TFA)3CO3  loaded onCu WRAM, form 2 
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CHAPTER 5: Conclusions and recommendations 
Reviewing the results of the various performance tests of the silica polyamine 
composites give the following list of conclusions:  
• Process tests showed that the silica polyamine composites are capable of 
separating complex mixtures of metals, including both low concentration 
and high concentration solutions containing several metals.   
• Tailored separation protocols can be developed for mixed solutions of 
precious and transition metals.   
• The composites are useful over a wide range of pH, with separations being 
possible using composite combinations but also using pH adjustment 
protocols. 
• It is possible to use the composites to separate anions from cations, 
although this separation may be less specific.   
• Substantial drying is required for best-quality spectra, with oven drying 
effectively dehydrating loaded slides without degrading the polymer 
structures. 
• Heat treatment of the slides/composites is possible, with metal loading of 
the polymers stabilizing the polymer structures, as witnessed by the 
various heat treatments. 
• MTCS/CPTCS combinations have a variable effect on the resulting silane 
structure, with there being an optimum amount for minimal water uptake. 
• PEI best polymerizes slides, followed by PVA, with PAA requiring much 
more care to attach to the silane anchors. 
 
Reviewing the carbonyl analysis leads to the following conclusions: 
• FTIR spectra of powders requires a mix of .25% sample to KBr instead of 
the normal 10% sample to KBr mix.  
• ON THE SLIDES, preferential loading occurs below the near-surface 
layers. 
• Similar symmetry changes occur on the gel composites as well as on the 
slides analogues; however, the similarity is only general, indicating 
differing coordination in some cases.  
• The composites are capable of mono-dentate attachments as well as multi-
dentate attachments. 
• The composites exhibit uniform preferential coordination. 
 
 
Future work should include: 
• Separation protocols using industrial solutions and similar prepared solutions in 
order to test the affects of process variation on composite performance. 
• Tests on heat treated composites, including pH stability tests, loading tests, 
stripping tests and coordination analysis. 
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• Tests on pre-loaded composites to investigate whether loading a specific metal on 
a composite would improve its selective behavior. 
• Variable angle analysis of slides analogues in order to investigate both surface 
orientation and depth analysis. 
• Gold coordination analysis on WP-1, WP-2, WP-3 and BP-1. 
• Comparative coordination analysis of sized composites, including finer base silica 
gels as well as ground composites. 
• Comparative coordination analysis of a series of loaded composites, ranging from 
not loaded to fully loaded. 
• Electron microscopy and X-Ray diffractions studies on metal loaded composites. 
• Development of precious metals isotherms. 
• Studies to gauge the effect of temperature on carbonyl loading and structures. 
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APPENDIX A 
Peak Assignments as Reported in the Literature 
460 bending/deformation mode of Si–O–Si Anappara, et. al. 
470 Si–O–Si bending Wu, et. Al.  
478 O-Si-O Transverse δ Gun'ko, et.al. 
below 500  C-O-Si rocking modes Marrone, et. al. 
507 Networked Si-O-Si-O bending and 
stretching 
Gun'ko, et.al. 
559 Stretching vibrations of fourfold siloxane 
ring  
Anappara, et. al. 
675 C-Cl Qu, R. et. al.  
720-730 γr(CH2) of orthorhombic packing Cai, et al. 
726 CH2 out of plane rocking  Turri, et al. 
729-726 -(CH2)3- in-phase rocking Lin-Vien, et al. 
735.15  δ-NH (out-of-plane) vibration Lamprakopoulos, et. al. 
752  Si-C stretching vibrations Roosmalen and Mol 
777-786 δNH Liu, Zhang and Tang 
781 the presence of CH3---Si is reflected by 
CH3 rocking mode 
Makote and Dai 
798 deformed O–Si–O ring Anappara, et. al. 
800 in-plane bending of geminal silanol Matsumoto, et all 
803 SiH2 bending  Bollani, M., et. al. 
803 Si-O- symmetric stretching vibration sy Miller, J. and Lakshmi, L 
806 Si---O---Si symmetric stretching vibrations Péré, E.  et.al 
810 Si-O-Si symmetric stretching vibration 
(TO type) 
Gun'ko, et.al. 
830 Si–O–Si symmetric stretch Wu, et. Al.  
830 δCH  Song, et al. 
847  Si-C stretching vibrations Roosmalen and Mol 
850 network SiOSi  Patwardhan, Mukherjee 
and Clarson 
880 Si-H bending mode Marrone, et. al. 
888  Si-0 bend Roosmalen and Mol 
900 Si---O stretching mode of silanol  Prado, et.al. 
900-950 =N-O- of  amidoxime  Neagu, V., et. al.  
908 Si-0 stretch Roosmalen and Mol 
908  
(Si-H2) scissors  
Hong-Liang Li 
940 C-CH3 skeletal vibration Knaus, Liska and Sulek 
940 Si---O---H stretching vibrations Makote and Dai 
950-900  C-C stretching mode of the ethoxy groups Marrone, et. al. 
958 ethoxy groups Mouanda, Viel and 
Blanche 
960 Si-O-Si linkages  Patwardhan, Mukherjee 
and Clarson 
970 Si-OH vibrations Miller, J. and Lakshmi, L 
970 Si-O-(H...H2O) bending Matsumoto, et all 
990 Si–H scissors  Klaus, Ferro and George 
1000-600  C-C stretchings Marrone, et. al. 
1000-600  Si-H deformation Marrone, et. al. 
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1000-600  C-O-Si symmetric stretching Marrone, et. al. 
1132-885 C-C stretching Lin-Vien, et al. 
      
1000-1100 COO vibrations of carboxylic acids, 
phenols, alcohols, or ethers 
Ollier-Dureault and Gosse 
1000-1200 (CH2)3-N or N-R2 Young and Chen 
1010 CN stretch Wang, Chang and Chen 
1035 skeletal vibrations invovling C-O Yoshitsune Shin-Ya, et al. 
1050 Si---O---Si stretching vibrations Makote and Dai 
1050 cyclosiloxanes with more than four 
siloxane linkages 
Mouanda, Viel and 
Blanche 
1053 a r,,(Si-0-Si) band Imhof, Xie and Calferri   
1058 C–O band (lignin aromatic C–C bond) Villaescusa, et. al. 
1059 Carbon and 1° nitrogen stretching Ping-Lin Kuo, et al. 
1070 NH–C-O Ibrahim and El-Meliegy 
1070 Si-O stretching  Patwardhan, Mukherjee 
and Clarson 
1070 Si---O bonds of the SiO2 coating Wang, Y., He, H., Cao, Y. 
and Tang, H.  
1070 CN stretching  Ibrahim and El-Meliegy 
1076 transverse (TO) lattice vibration (Si–O–Si)  Gun'ko, et.al. 
1082 Si–O–Si asymmetric stretching  Anappara, et. al. 
1090 network SiOSi Huang, J-C,  et. al. 
1100 Si-O-Si mode Hong-Liang Li 
1100 Si–O–Si anti-symmetric stretch Wu, et. Al.  
1100 siloxane stretching of silanol Prado, et.al. 
1100 skeletal vibrations invovling C-O Yoshitsune Shin-Ya, et al. 
1105 interstitial oxygen impurities dissolved in 
the silicon substrat 
Wang, Y., He, H., Cao, Y. 
and Tang, H.  
1108 asymmetric stretching vibrations asy of Si-
O 
Miller, J. and Lakshmi, L 
1110 antisymmetric stretching vibration of the 
Si---O---Si 
Péré, E.  et.al. 
1130 linear and branched polysiloxanes Mouanda, Viel and 
Blanche 
1140-1180 Si-CH2-CH2-Si Nahar-Borchert, et. al. 
1150 Carbon and 2° nitrogen stretching Ping-Lin Kuo, et al. 
1160 longitudinal (LO) lattice vibration (Si–O–
Si)  
Gun'ko, et.al. 
1180-1120 C-C Skeletal Stretch (doublet) Lin-Vien, et al. 
1180 asymmetric stretching vibrations asy of Si-
O 
Miller, J. and Lakshmi, L 
1200-1000  C-O-Si asymmetric stretching modes, Marrone, et. al. 
1200 transverse (TO) lattice vibration (Si–O–Si)  Gun'ko, et.al. 
1224 C-N Rivas, Jara and Pereira 
1225 C7 guanine carbonyl Lobo, et al. 
1225 C-O shoulder Ollier-Dureault and Gosse 
1250-1260 Si-CH2 Nahar-Borchert, et. al. 
1250-1000  the Si-O asymmetrical stretching of 
siloxane 
Matsumoto, et all 
1252 carboxylic acid dimers v(C-O)/δ(OH)  Du and Liang 
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1255 G,(Si-CH,) Imhof, Xie and Calferri   
1255 C-O stretching of carboxylic groups  Yoshitsune Shin-Ya, et al. 
1256 longitudinal (LO) lattice vibration (Si–O–
Si)  
Gun'ko, et.al. 
1275 main C-O region band  Ollier-Dureault and Gosse 
1275 the presence of CH3---Si is reflected by a 
C---H bending vibration  
Makote and Dai 
1280 aromatic C—N vibration Denizli, et. al.  
1280-1315 vC-O strong band Ollier-Dureault and Gosse 
1300 coupled mode of the C–O stretching  Li, et. al.  
1300-1400 symmetrical vC=O  Ollier-Dureault and Gosse 
1300-1600 CHx deformation vibrations  Jiang, Koizumi and  
Yamada 
1300  amide III band Guibal, Vincent and  
Navarro Mendoza 
1310 C-N deformation band Drelinkiewicz, et al. 
1327 CN Ni, Yi and Feng 
1350-1220 CH2Cl Silverstein, Webster and 
Kiemle. 
1367 Methyl "umbrella" deformation Turri, et al. 
1378  C-H symmetrical bending vibrations of 
methylene and methyl groups 
Matsumoto, et all 
1381 CH2---N stretching vibrations  Makote and Dai 
1382-1385 δCH2 Liu, Zhang and Tang 
1388 Methyl "umbrella" deformation Turri, et al. 
1390 anti-symmetric NO3− stretching Wu, et. Al.  
1400 NH–C-O Ibrahim and El-Meliegy 
1400 C=O symmetrical stretching Wang, Chang and Chen 
1403-1406 COO- assymetric vibration Cai, et al. 
1401-1404 δCH2 Liu, Zhang and Tang 
1400-1450 C-N (amide).   Rivas and Castro 
1410-1420 ν(C–O)sym  Pirc, et. al. 
1412 Si---CH2 bend  Shen, Horgan and Levicky 
1427-1450 main NH4 (stretching) Pironaon, j. et al. 
1439 CN Ni, Yi and Feng 
1445-1452 δCH Liu, Zhang and Tang 
1450 CH2 of aliphatic compounds de Santa Maria, L. et. al. 
1455 C-H symmetrical bending vibrations of 
methylene and methyl groups 
Matsumoto, et all 




Methyl out-of-plane HCH 
deformation(n=3) 
Lin-Vien, et al. 
1468 CH2 scissoring vibration  Li, et. al. 
1469 CH2 deformation Shen, Horgan and Levicky 
1470 CH2 Shen, Horgan and Levicky 
1472 CH2 scissoring  Du and Liang 
1475-1445 CH2 scissoring Lin-Vien, et al. 
1473-1466 Methyl in-plane HCH deformation(n=3,4) Lin-Vien, et al. 
1486 =--nh--nh Drelinkiewicz, et al. 
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1488 CH2 of aliphatic compounds de Santa Maria, L. et. al. 
1500-1200 C-H deformation bands of the ethoxy 
groups 
Marrone, et. al. 
1510 C=C Pandey 
1520 N—H bending (scissoring) Denizli, et. al.  
1520-1540 NH deformation Turri, et al. 
1539 Amide II band Du and Liang 
1540 C=NH Ni, Yi and Feng 
1540 amide II Mouanda, Viel and 
Blanche 
1547 Amide II Shen, Horgan and Levicky 
1550-1480 amine band (protonated form) Guibal, Vincent and  
Navarro Mendoza 
1550-1556 auto-symmetrical vibrations of the COO− 
structure  
Takka 
1550-1600 carboxylate ions (asymmetrical vC=O) Ollier-Dureault and Gosse 
1550-1590 amide II band Guibal, Vincent and  
Navarro Mendoza 
1556 asymmetric stretching vibration of COO 
carboxylate groups 
Du and Liang 
1560 γC-N stretching Siddalingaiah, et al. 
1563 carboxylate salt Yoshitsune Shin-Ya, et al. 
1560-1590 δNH Liu, Zhang and Tang 
1560-1590 δNH2 Liu, Zhang and Tang 
1567 
(1547) 
C=N Rivas, Jara and Pereira 
1570 δNH+ and NH2+ Muller, et al. 
1576 C=N Rivas, Jara and Pereira 
1580-1605 amine band (free form) Guibal, Vincent and  
Navarro Mendoza 
1580 NH Ko, Y., et.al. 
shifted 
to1585 
NH Ko, Y., et.al. 
1586 --N=  Drelinkiewicz, et al. 
1600 C=C skeletal stretches Ratway and Balik 
1600 NH2 Ko, Y., et.al. 
1600 N-H deformation Shen, Horgan and Levicky 
1600 NH2 bend  Shen, Horgan and Levicky 
shifted to 
1605 
NH2 Ko, Y., et.al. 
1615 O–H group of carboxyl group Wu, et. Al.  
1619 C=N vibration Aboaly and Khalil  
1617-1635 ν(C–O)asym Pirc, et. al. 
1620 C=C stretching (lignin aromatic C–C bond) Villaescusa, et. al. 
1620 -NH2 of  amidoxime  Neagu, V., et. al.  
1622 C=O stretching in amide group  Zhang and Peppas 
1624 C=N vibration Qu, R. et. al.  
1626 deformation mode of adsorbed water Anappara, et. al. 
1630 SiO2 lattice vibration Shen, Horgan and Levicky 
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1630 Si(O-H)x (x = 1-3)  bending mode Hong-Liang Li 
1632 C=O (amide) Rivas and Castro 
1637 carbonyl bond C-O stretching band  Ibrahim and El-Meliegy 
1638 C=C vibration band  Liu, et. al. 
1639-1648 δ(N+-H) Cai, et al. 
1640 SiO2 overtones Costa, et al. 
1640 the O-H bending of adsorbed water Matsumoto, et all 
1640 H-O-H bending Nguyen, T., Byrd, E. and 
Bentz, D. 
1640 stretching C=O, amide Rivas and Castro 
1640 C=N imine double bond Lagasi and Moggi 
1640 bending of molecular water Costa, et al. 
1640 sym deformation of NH3+ Yoshitsune Shin-Ya, et al. 
1646 Amide I band Du and Liang 
1650 water bending mode Prado, et.al. 
1650 C=O asymmetrical stretching Wang, Chang and Chen 
1650 N-C=N (amidine group Ko, Y., et.al. 
1650 amide I band Guibal, Vincent and  
Navarro Mendoza 
1654 NH2 de Santa Maria, L. et. al. 
1655 carbonyl band of the amide group González Guerrero and 
Ortiz 
1657 C=O stretching in amide group  Zhang and Peppas 
1657 -C=N- of  amidoxime  Neagu, V., et. al.  
1659 C=O stretching Liu, Zhang and Tang 
1640-1690  C=N Guibal, Vincent and  
Navarro Mendoza 




CN stretching  Liu, Zhang and Tang 
1664 C=O Rivas, Jara and Pereira 
1664 Amide I Shen, Horgan and Levicky 
1667 C=N stretch of the imine group McClain and Hsieh 
1680-1720 carboxylic acids  Ollier-Dureault and Gosse 
1685 amide I Mouanda, Viel and 
Blanche 
1690-1764 carbonyl C=O region of various acids, 
ketones and lactones 
Ollier-Dureault and Gosse 
1696 C=O stretching in carboxylic group  Zhang and Peppas 
1697 C=N de Santa Maria, L. et. al. 
1700 C=O stretching Matuana, et al. 
1700 C=O group hydrogen bonded with silanol 
groups 
Liu, et. al. 
1700 C=O Lagasi and Moggi 
1700 vC=O Mouanda, Viel and 
Blanche 
1704 carbonyl band  Knaus, Liska and Sulek 
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1705 carboxylic acid dimers v(C=O)  Du and Liang 
1707 C=O vibration Muller, et al. 
1709 C=O stretching mode of associatedstearic 
acid in chloroform solution 
Li, et. al.  
1709 C=O stretching mode  Li, et. al. 
1709-1714 C=O of unreacted aldehyde  Guibal, Vincent and 
Mendoza 
1710 C=O Guibal, Vincent and  
Navarro Mendoza 
1710 vC=O intense band  Ollier-Dureault and Gosse 
1710-1718 C=O linkages in carboxylic groups Matuana, et al. 
1715 ester carbonyl group (stretching vibrational Mouanda, Viel and 
Blanche 
1718 free C=O stretching vibration Liu, et. al.  
1720 C=O Siddalingaiah, et al. 
1721 
(1664) 
C=O Rivas, Jara and Pereira 
1725 carbonyl band  Knaus, Liska and Sulek 
1723-1727 Metal (II and III) C=O of carboxyl 
complexes  
Davies, et al. 
1728-1748 C=O linkages in acetyl ester groups Matuana, et al. 
1735 C=O Liu, et. al.  
1735 carbonyl stretch  Gellerstedt and Gatenholm 
1736 C=O of ester group Liu, Zhang and Tang 
1740 C=O of hydroxamic groups Neagu, et. al. 
1740 Bridging C=O Pandey 
1760 
shoulder 
Adsorbed NO Jiang, Koizumic and  
Yamada 
1798 Bindge bonded CO Serykh 
1800 Adsorbed NO Jiang, Koizumic and  
Yamada 
1820-2120 CO vibrations of  Carbonylmetal 
complexes 
Anson, et al. 
1823 CO bridge (Cu) Fournier 
1829 Bindge bonded CO Serykh 
1870 Ovetone sturcuture vibration of SiO2 latice Shen, Horgan and Levicky 
1871 ClCO Shao, et al. 
1780-1860 CO bridge on Pt atoms Bazin 
1870 SiO2 overtones Costa, et al. 
1904 A12 Carbonyl in Octahedral Mo(CO)5Lig Kurhinen, Venalkiinen and 
Pakkanen 
1917 CO bridge (Cu) Fournier 
1941 B2 Carbonyl in Octahedral Mo(CO)4Lig2 Kurhinen, Venalkiinen and 
Pakkanen 
1945-1965 A1 and B1 Carbonyl in Octahedral 
Mo(CO)4Lig2 
Kurhinen, Venalkiinen and 
Pakkanen 
1946 E Carbonyl in Octahedral Mo(CO)5Lig Kurhinen, Venalkiinen and 
Pakkanen 
1957 linearly bonded CO on Pt (very low 
number) 
Serykh 
1960 SiO2 overtones Costa, et al. 
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1965 CO of Ni(CO)2 Shao, et al. 
1976 linearly bonded CO Serykh 
1977 CO vibration asymmetric Anson, et al. 
1979 quasi-degenerate asym vibration of CO in 
carbonylmetals 
Anson, et al. 
1980 Ovetone sturcuture vibration of SiO2 latice Shen, Horgan and Levicky 
1992 B1 Carbonyl in Octahedral Mo(CO)5Lig Kurhinen, Venalkiinen and 
Pakkanen 
1994 CO of NiCO Shao, et al. 
      
2000-2090 linearly adsorbed CO Bazin 
2003 T1u Carbonyl in Octahedral Mo(CO)4Lig2 Kurhinen, Venalkiinen and 
Pakkanen 
2017 CO of Ni(CO)3 Shao et al. 
2005-2035 3 combined CO vibration in various metal 
complexes (2 a' and 1a") 
Davies, et al. 
2020 A1 Carbonyl in Octahedral Mo(CO)5Lig Kurhinen, Venalkiinen and 
Pakkanen 
2023 linearly bonded CO on Pt Serykh 
2024 Eg Carbonyl in Octahedral Mo(CO)6 Kurhinen, Venalkiinen and 
Pakkanen 
2045 NH3+Cl- or NH2+Cl-  Ko, Y., et.al. 
2047 CO vibration symmetric Anson, et al. 
2051 sym stretching vibration of CO in 
carbonylmetals 
Anson, et al. 
2052 CO of Ni(CO)4 Shao et al. 
2052 linearly bonded CO on Pt Serykh 
2078 A11 Carbonyl in Octahedral Mo(CO)5Lig Kurhinen, Venalkiinen and 
Pakkanen 
2080 linearly bonded CO on Pt Serykh 
2080 Si–H stretching Bollani, M., et. al. 
2080-2200  Si-Hx (x = 1-3) stretching modes Hong-Liang Li 
<2100 linearly adsorbed CO on Pt0 Bazin 
>2100 linearly adsorbed CO on Pt1 Bazin 
2100 Si-Hx stretching modes Hong-Liang Li 
~2100  SiHx stretching and bending Bollani, M., et. al. 
2100 Si–H stretching  Klaus, Ferro and George 
2102 terminal Co in CU3CO Fournier 
2103 Adsorbed CO Jiang, Koizumicand  
Yamada 
2116 Terminal CO (Cu) Fournier 
2120 A1g Carbonyl in Octahedral Mo(CO)6 Kurhinen, Venalkiinen and 
Pakkanen 
2135 physically adsorbed CO Mihaylov, Hadjiivanov 
and Knozinger 
2138 CO of metal carbonyls Shao et al. 
2135-2155 resin + Au(CN) -2  Warshawsky,, et. al.   
2141-2157  CN- stretching vibration of the aurocyanide 
complex 
Warshawsky,, et. al.   
2149 CO pertubations  Shao et al. 
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2154 CO pertubations  Shao et al. 
2157 H bonded CO Mihaylov, Hadjiivanov 
and Knozinger 
2157 Cu(I)(CO) monocarbonyl species 
(adsorbed CO) 
Borovkov, Jiang and Fu 
2175 Cu(I)(CO)2 dicarbonyl species (adsorbed 
CO) 
Borovkov, Jiang and Fu 
2180 Adsorbed CO Jiang, Koizumicand  
Yamada 
2180 weak Si-H component Marrone, et. al. 
2100-1500  bands of the overtones of the bulk Si-H 
vibrations 
Marrone, et. al. 
2200 Si-H stretching of the silane bond Marrone, et. al. 
2203 Si–H stretching  Klaus, Ferro and George 
2227 main Si-H maximum Marrone, et. al. 
2238 CN de Santa Maria, L. et. al. 
2239 AuCN (s)  Warshawsky,, et. al.   
2242 CN stretching  Liu, Zhang and Tang 
2243 CtripleN (nitrile group) Ko, Y., et.al. 
2250 (O)Si-H (partial oxidization of 
unsubstituted Si-Hx) 
Hong-Liang Li 
2256 secondary Si-H shoulder Marrone, et. al. 
2270 Si–H stretching  Klaus, Ferro and George 
2300-2100  Si-H stretching band of the surface silane 
bonds 
Marrone, et. al. 
2300 Si-H tail Marrone, et. al. 
2346 Physisorbed CO2 on silica Kurhinen, Venalkiinen and 
Pakkanen 
2360 CO2 Pandey 
2470 Pt-CO linear bond Combination  Serykh 
2483 Physisorbed CO2 on Mo Kurhinen, Venalkiinen and 
Pakkanen 
2503 Pt-CO linear bond Combination  Serykh 
2600 overtones and combinations of carboxylic 
acid dimmers  
Ollier-Dureault and Gosse 
2800-3000 C–H stretching  Mouanda, Viel and 
Blanche 
2800 “bound” surface hydroxyls Snyder and Ward 
2800-3000 C-Hx stretching mode Hong-Liang Li 
2850-2930 Si-CH3 Nahar-Borchert, et. al. 
2840 main NH4 (stretching) Pironaon, j. et al. 
2850 CH2 Liu, et. al. 
2850 symmetric vibration of CH2 Du and Liang 
2855 symmetric CH stretching band of 
methylene -CH2 
Jiang, Koizumicand  
Yamada 
2858 symmetric vibration of CH2 Turri, et al. 
2860 symmetrical stretching of CH3 Matsumoto, et all 
2863-2843 Symmetric CH2 stretching Vibrations 
(2865) 
Lin-Vien, et al. 
2869 CH2 symmetric stretch Shen, Horgan and Levicky 
2876 symmetric CH stretching band of CH3 Jiang, Koizumicand  
Yamada 
 155  
2900 C–H stretching vibrations for the ethyl and 
propyl functional groups.  
Mouanda, Viel and 
Blanche 
2900 prominent CH stretch Pandey 
2909  C-H stretching vibrations Roosmalen and Mol 
2918 asymmetric vibration of CH2 Du and Liang 
2919 antisymmetric CH2 stretching  Li, et. al. 
2920-2940 CH2 Vib Liu, Zhang and Tang 
2921 C–H group Villaescusa, et. al. 
2925 asym CH stretching band of methylene -
CH2 
Jiang, Koizumicand  
Yamada 
2931 Asymmetric CH2 stretching Vibrations  Turri, et al. 
2936-2916 Asymmetric CH2 stretching Vibrations 
(2926) 
Lin-Vien, et al. 
2937 CH2 asymmetric stretch Shen, Horgan and Levicky 
2950 C---H stretching of the tetrahedral carbon 
(organic molecule anchor on silica) 
Prado, et.al. 
2960 asym CH stretching band of CH3 Turri, et al. 
2960 asym CH stretching band of CH3 Jiang, Koizumicand  
Yamada 
2960 CH3 Liu, et. al. 
2960 CH stretching vibration.  Ibrahim and El-Meliegy 
2968  C-H stretching vibrations Roosmalen and Mol 
2872 Methyl Symmetric C-H stretching Silverstein, Webster and 
Kiemle. 
2900 C-Hx stretching modes Hong-Liang Li 
2930 asymmetrical stretching of CH2 Matsumoto, et all 
2962 Methyl Asymmetric C-H stretching Silverstein, Webster and 
Kiemle. 
2962 asymmetrical stretching of CH3 Matsumoto, et all 
2965-2969 Methyl Asymmetric C-H stretching (n=3) Lin-Vien, et al. 
2970-3000 C-H stretching vibration (methyl & 
methylene groups of anchored ligands) 
Matsumoto, et all 
3000-2800  C-H stretching bands of the ethoxy groups Marrone, et. al. 
      
3024 NH de Santa Maria, L. et. al. 
3040 main NH4 (stretching) Pironaon, j. et al. 
3085 intramolecular γN-H vibration Siddalingaiah, et al. 
3143 -C=C-H imidazole Rivas, Jara and Pereira 
3160 intramolecular γN-H vibration Siddalingaiah, et al. 
3200 NH vib Liu, Zhang and Tang 
3200-3500 CH2-NH-CH2 Young and Chen 
3200-3500 CH-NH-CH Young and Chen 
3200-3500 -NH-R Young and Chen 
3300-3500 CH2-NH2 Young and Chen 
3300-3500 CH-NH2 Young and Chen 
3300-3500 -NH2 Young and Chen 
3258 N+H Aboaly and Khalil  
3265 C=NH Aboaly and Khalil  
3280 NH3+ vibration Cai, et al. 
3283 intramolecular γN-H vibration Siddalingaiah, et al. 
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3284 NH stretching of ligand-metal acetates Seguel, Rivas and Novas 
3295 main NH4 (stretching) Pironaon, j. et al. 
3303 primary amine stretches PEI Shen, Horgan and Levicky 
3303 N-H symmetric stretch Shen, Horgan and Levicky 
3313 N-H in secondary amino  PEI Ni, Yi and Feng 
3320 N+H Aboaly and Khalil  
3324 Amide A band Du and Liang 
3333 NH stretching of PEI on alumina Seshadri, et al. 
3340-3380  bonded hydroxyl groups  Villaescusa, et. al. 
3350 stretching frequency of isolated silanols Anappara, et. al. 
3350 NH stretching of urethane groups Turri, et al. 
3355 NH stretching of PEI  Seshadri, et al. 
3370 N-H asymmetric stretch Shen, Horgan and Levicky 
3370 primary amine stretches PEI PVA Shen, Horgan and Levicky 
3375 N—H stretching PVA Denizli, et. al.  
3379 NH2 symmetric vibration Kim 
3380 incorporated water molecules Xu, G., Aksay, I. and 
Groves, J. 
3400 hydrogen bonded H-O-H stretching Nguyen, T., Byrd, E. and 
Bentz, D. 
3400 NH2 symmetric and asymmetric vibrations Ibrahim and El-Meliegy 
3400 intermolecular γN-H vibration Siddalingaiah, et al. 
3400-3200 O---H stretching mode of silanol  Prado, et.al. 
3410-3440 NH2 Vib Liu, Zhang and Tang 
3415 Amine Stretch Ko, Y., et.al. 
3416 non-bonding oxygen in the Si–OH 
bonds/silica network  
Anappara, et. al. 
3436 stretching frequency of isolated silanols Anappara, et. al. 
3436 NH stretching of ligand-metal acetates Seguel, Rivas and Novas 
3440 Superpositon of OH vib and water 
stretching 
Costa, et al. 
3440 -OH stretch of the terminal group McClain and Hsieh 
3440 O-H stretching of adsorbed water and  
hydrogen bonded silanol groups 
Matsumoto, et all 
3444 NH (secondary amine) Rivas and Castro 
3444 stretching of OH (carboxylic acid) Rivas and Castro 
3446 NH2 asymmetric Vib Kim, et al. 
3449 
(3457) 
OH, carboxylic acid  Rivas, Jara and Pereira 
3450 Si–OH Wu, et. Al.  
3450-3500 NH2 of chitosan/PAA Mi-Seon Shin, et al. 
3457 NH, secondary amide Rivas, Jara and Pereira 
3460–
3420  
NH Liu, Zhang and Tang 
3470 NH2 de Santa Maria, L. et. al. 
3500-2000  Amine goups Ko, Y., et.al. 
3500 Si(O-H)x (x = 1-3)  stretching mode Hong-Liang Li 
3501 NH (secondary amine) Rivas and Castro 
3516 stretching frequency of isolated silanols Anappara, et. al. 
3520 band center of the intramolecular OH Engkvist, O. and Stone, A 




-OH Liu, Zhang and Tang 
3700 “bound” surface hydroxyls Snyder and Ward 
3706 free silanols, corresponding to (CH,),SiOH Imhof, Xie and Calferri   
3742 free surface hydroxyl groups SiOH Gun'ko, et.al. 
3745 Free silanol O-H stretch Shen, Horgan and Levicky 
3746 almost symmetric O-H stretching band of 
silanol groups 
Marrone, et. al. 
3748 stretching frequency of isolated silanols Anappara, et. al. 
3750  “free” surface hydroxyls Snyder and Ward 
3750-3600  band of the surface free silanol Marrone, et. al. 
3750-3000 vibrational features of SiOH* species Klaus, Ferro and George 
3740-3300 v (OH) stretching bands Erdem, B., Hunsicker, R., 
et. al. 
3743 v (OH) vibration due to the formation of 
isolated SiOH-groups 
Köthe, M. and  Müller, M. 
3747 stretching vibrational mode of isolated 
silanols 
Barabash, R. M., et. al 
3860-2890 CH vib Liu, Zhang and Tang 
 
 
 
